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T h e o p e n l i t e r a t u r e f o r a r e n e c a r b o n y l a t i o n w a s r e v i e w e d s o a s t o p e r m i t a 
j u d g m e n t o n t h e s u i t a b i l i t y o f f u r t h e r r e s e a r c h a n d d e v e l o p m e n t i n t o t h i s p o t e n t i a l l y 
f r u i t f u l t e c h n o l o g y t h a t m i g h t b e a p p l i e d f o r c o m m e r c i a l b e n e f i t t o t h e p e t r o l e u m i n d u s t r y 
i n t h e a r e a o f t r a n s p o r t a t i o n f u e l s . R e c e n t r e p o r t s t o B P ( U S A ) a r e a p p e n d e d a n d 
d i s c u s s e d t o s h e d l i g h t o n t h e p r o b l e m i n h e r e n t t o a l l a c i d - c a t a l y z e d , c a r b o n y l a t i o n 
r e a c t i o n s : t h e b r e a k i n g o f t h e a c i d / a l d e h y d e c o m p l e x . 
C a t a l y t i c p r o c e s s e s f o r a r e n e c a r b o n y l a t i o n i n i t i a t e d b y p h o t o n s d o e x i s t h o w e v e r 
t h e y i e l d s a r e l i m i t e d b y t h e u n f a v o r a b l e t h e r m o d y n a m i c s f o r t h e r e a c t i o n ( ~ + 5 k c a l / m o l ) . 
R a d i c a l - i n i t i a t e d m e t h o d s h a v e b e e n r e p o r t e d w h i c h a r e n o t l i m i t e d b y e q u i l i b r i u m ; 
h o w e v e r t h e s e r o u t e s r e q u i r e e x p e n s i v e r e a g e n t s , s u c h a s p o t a s s i u m p e r s u l f a t e , t o i n i t i a t e 
t h e r e a c t i o n a n d t h u s a r e n o t c o m m e r c i a l l y v i a b l e . 
T h e o l d e s t p r o c e s s r e p o r t e d i n t h e l i t e r a t u r e , t h e G a t t e r m a n - K o c h p r o c e s s , 
r e q u i r e s a l u m i n u m c h l o r i d e c o m p l e x a n d H C 1 t o i n i t i a t e t h e r e a c t i o n b y p r o t o n a t i o n f r o m 
a s u p e r a c i d a n d a n a d d i t i o n a l a l u m i n u m c h l o r i d e t o s e q u e s t e r t h e p r o d u c t a l d e h y d e s o as 
t o c i r c u m v e n t t h e e q u i l i b r i u m l i m i t a t i o n . T h i s p r o c e s s i s f u r t h e r h a n d i c a p p e d b y t h e 
e v o l u t i o n o f s t o i c h i o m e t r i c a m o u n t s o f a l u m i n u m s a l t a n d H C 1 a t t h e e n d o f t h e p r o c e s s 
s o a s t o r e l e a s e t h e p r o d u c t f r o m t h e r e a c t i o n m i x t u r e . A s s u c h , t h e e n v i r o n m e n t a l l y 
a g g r e s s i v e p r o c e s s c a n n o t b e u s e d f o r t h e i n t e n d e d r e a c t i o n . T h e c o m b i n a t i o n o f H F / B F 3 
i s a n a l t e r n a t i v e t o t h e G a t t e r m a n - K o c h p r o c e s s t o p r o d u c e a r e n e a l d e h y d e s b y a n 
e c o n o m i c a l l y - f e a s i b l e p r o c e s s ; h o w e v e r , t h e u s e o f H F r e p r e s e n t s a n e n v i r o n m e n t a l 
t h r e a t t h a t i s u n a c c e p t a b l e t o m o s t p r i v a t e c o m p a n i e s d o i n g b u s i n e s s i n t h e U S A . 
T r i f l u o r o m e t h a n e s u l f o n i c a c i d i s a p o s s i b l e r e p l a c e m e n t f o r H F / B F 3 , w h i c h i s a 
v e r y e f f i c i e n t c a r b o n y l a t i o n a g e n t t h a t p r o d u c e s p - t o l u a l d e h y d e f r o m t o l u e n e i n h i g h 
y i e l d s ( - 9 5 % ) . A c l o s e d - l o o p p r o c e s s h a s b e e n r e p o r t e d f o r t h e p r o d u c t i o n o f p-
t o l u a l d e h y d e ; h o w e v e r , t h e r e g e n e r a t i o n o f t h e a c i d required by this process u s i n g 
t r i a l k y l a m i n e s i s t o o e x p e n s i v e t o b e c o m m e r c i a l l y - a t t r a c t i v e f o r l a r g e - v o l u m e p r o c e s s e s 
m a k i n g c o m m o d i t y c h e m i c a l s . T h e p r o b l e m w i t h t h i s p r o c e s s i s t h e l a r g e a m o u n t s o f 
w a t e r n e e d e d t o f r e e t h e p r o d u c t a l d e h y d e f r o m t h e p r o d u c t m i x t u r e . I n o r d e r f o r 
d i s p l a c e m e n t t o o c c u r , t h e G i b b s e n e r g y o f d i s s o c i a t e d s p e c i e s m u s t b e l o w e r t h a n t h a t o f 
t h e c o m p l e x . A p p r o p r i a t e a d d i t i v e s y i e l d i n g l i q u i d / l i q u i d m i x t u r e s s h o u l d b e s u c h t h a t 
o n e p h a s e p r e f e r e n t i a l l y a t t r a c t s t h e a l d e h y d e w h i l e t h e o t h e r p h a s e p r e f e r e n t i a l l y a t t r a c t s 
t h e c a t a l y s t . H y d r o g e n b o n d i n g b y a d d i t i v e s m a y b e u s e d , b u t t h e a l d e h y d e - r i c h p h a s e 
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m u s t e x h i b i t l o w c a t a l y s t s o l u b i l i t y . A n y s p e c i e s t h a t i s m o r e a c i d i c t h a n w a t e r m a y b e 
a p p r o p r i a t e ; a h i g h l y p o l a r l i q u i d p h a s e , i m m i s c i b l e w i t h h y d r o c a r b o n s , m a y b e a t t r a c t i v e 
f o r t h e c a t a l y s t . S m a l l w a t e r a d d i t i o n s m a y b e a p p r o p r i a t e i f t h e y a r e s a t u r a t e d w i t h a c i d i c 
s a l t s . 
O n e s o l u t i o n t o t h i s p r o c e s s m a y b e t h e u s e o f a c o - s o l v e n t t h a t c a n b e r e c y c l e d 
a n d w h i c h b r e a k s t h e a c i d / a l d e h y d e c o m p l e x w i t h o u t t h e a d d i t i o n o f w a t e r . W e m o d e l e d 
t h i s c o m p l e x b r e a k i n g p h e n o m e n a u s i n g q u a n t u m m e c h a n i c a l m e t h o d s t o s u g g e s t t h a t t h e 
a c i d / a l d e h y d e c o m p l e x m a y b e b r o k e n b y t h e u s e o f e t h e r s s u c h a s d i m e t h y l o r d i p h e n y l 
e t h e r , s e e A p p e n d i x I I , J u n e 2 0 0 5 P r o g r e s s R e p o r t t o B P ( U S A ) . If the results of these 
modeling efforts can be confirmed by laboratory testing, t h e n t h e 
t r i f l u o r o m e t h a n e s u l f o n i c a c i d p r o c e s s m i g h t b e e c o n o m i c a l l y p r o m i s i n g f o r t h e 
p r o d u c t i o n o f a r e n e a l d e h y d e s f r o m C O a n d a r e n e . 
A n o t h e r a p p r o a c h t o t h i s p r o b l e m i s t o u s e p e r f l u o r o a l k a n e s u l f o n i c a c i d s h a v i n g 
l o w e r i n t r i n s i c a c i d i t i e s t h a t a l l o w t h e a l d e h y d e t o b e v a p o r i z e d f r o m t h e p r o d u c t m i x t u r e 
w i t h t h e a d d i t i o n o f a c o - s o l v e n t s u c h a s t r i f l u o r o a c e t i c a c i d a n d w i t h o u t t h e a d d i t i o n o f 
w a t e r t o b r e a k t h e a c i d / a l d e h y d e c o m p l e x . T h i s p a t e n t e d p r o c e s s c l a i m s t h a t 1 ) t h e 
a l d e h y d e c a n b e r e c o v e r e d f r o m t h e p r o d u c t m i x t u r e b y v a p o r i z a t i o n , a n d t h a t t h e 
t r i f l u o r o a c e t i c a c i d c a n b e d i s t i l l e d f r o m t h e p e r f l u o r o a l k a n e s u l f o n i c a c i d . T h e p a t e n t 
i n v e n t o r s s h o w t h a t t h e r e a c t i v i t y o f t h e p e r f l u o r o a l k a n e s u l f o n i c a c i d s [ C F 3 ( C F 2 ) n S 0 3 H ] 
d e c r e a s e w i t h i n c r e a s i n g v a l u e s o f n . T h i s p r o c e s s m u s t b e r e p r o d u c e d b y r e s e a r c h e r s i n 
a n i n d e p e n d e n t l a b o r a t o r y s o a s t o d e v e l o p d a t a n e c e s s a r y t o c o m p l e t e a n e c o n o m i c 
f e a s i b i l i t y c a s e f o r t h i s p r o c e s s . T h i s p r o c e s s m a y m e r i t f u r t h e r a t t e n t i o n i f t h e 
p e r f l u o r o a l k a n e s u l f o n i c a c i d s d e m o n s t r a t e a c c e p t a b l e r e a c t i v i t y , a n d i f t h e p r o d u c t c a n b e 
r e l e a s e d f r o m t h e p r o d u c t m i x t u r e b y v a p o r i z a t i o n . O u r a t t e m p t s t o m o d e l t h e b r e a k i n g 
o f t h e p e r f l u o r o a l k a n e s u l f o n i c a c i d / a l d e h y d e c o m p l e x s u g g e s t t h a t o t h e r c o - s o l v e n t s s u c h 
a s d i m e t h y l a n d d i p h e n y l e t h e r c o u l d b e e f f e c t i v e a g e n t s i n b r e a k i n g t h i s a c i d / a l d e h y d e 
c o m p l e x , A p p e n d i x I I , J u n e 2 0 0 5 r e p o r t t o B P ( U S A ) . 
S o l i d a c i d s d e r i v e d f r o m z e o l i t e s ( X , Y , a n d Z S M - 5 ) a n d i o n - e x c h a n g e d w i t h C u 
i o n s w e r e r e p o r t e d t o b e e f f e c t i v e a r e n e c a r b o n y l a t i o n c o n v e r s i o n a g e n t s w i t h t h e 
a d d i t i o n o f H C 1 g a s a l o n g w i t h C O . T h e s u r f a c e o f t h e a c i d s b e c o m e s s a t u r a t e d w i t h t h e 
p r o d u c t a l d e h y d e s a n d t h i s s u r f a c e m u s t b e r e g e n e r a t e d b e f o r e t h e s o l i d c a n b e r e u s e d b y 
t h e a d d i t i o n o f e i t h e r s t e a m , c a r b o n d i o x i d e o r a m m o n i a . I n a t t e m p t s t o m o d e l t h e 
f o r m a t i o n o f s u r f a c e a l d e h y d e / s u r f a c e a c i d s i t e s , w e m o d e l e d t h e z e o l i t e s u r f a c e a s 
c o m b i n e d B r 0 n s t e d / L e w i s s u p e r a c i d . T h e s t r u c t u r e o f t h i s s i t e w a s d e v e l o p e d f r o m t h a t 
o f a n i o n i c l i q u i d c o n t a i n i n g t h e s u p e r a c i d i c A I 2 C I 7 " a n i o n . T h i s m o d e l i n g s h o w e d t h a t 
t h e s u p e r a c i d / a l d e h y d e c o m p l e x c o u l d b e b r o k e n u s i n g e i t h e r t r i m e t h y l a m i n e o r 
t e t r a m e t h y l a m i n e c h l o r i d e a s t h e c o m p l e x b r e a k i n g a g e n t s ( A p p e n d i x I I , M a r c h 2 0 0 5 
r e p o r t t o B P ( U S A ) ) . T h e r e f o r e , t h e u s e o f a n a m i n e d e r i v a t i v e i s c o n s i s t e n t w i t h t h e 
p a t e n t r e p o r t o n t h e u s e o f a m m o n i a t o b r e a k t h e c o m p l e x . 
T h i s c o n c e p t o f c a r b o n y l a t i o n b y f i x e d b e d s o f z e o l i t e s r e q u i r e s t h a t t h e z e o l i t e s 
b e u s e d i n a c y c l i c a l m o d e m u c h l i k e a d s o r p t i o n b e d s t o a f f e c t c o n t i n u o u s c o n v e r s i o n o f 
t h e a r e n e s u b s t r a t e . O t h e r s o l i d a c i d s d e r i v e d f r o m s u l f a t e d z i r c o n i a h a v e b e e n r e p o r t e d 
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i n t h e p a t e n t l i t e r a t u r e a s e f f e c t i v e a r e n e c a r b o n y l a t i o n a g e n t s . O n l y s m a l l y i e l d s o f t h e 
a l d e h y d e ( - 1 - 3 % ) w e r e o b s e r v e d w h e n t h e s u r f a c e b e c a m e s a t u r a t e d w i t h t h e p r o d u c t . 
N o r e g e n e r a t i o n s t r a t e g i e s w e r e r e p o r t e d i n t h i s p a t e n t . 
A c i d i c p o l y m e r i c r e s i n s w e r e r e p o r t e d a s e f f e c t i v e c a r b o n y l a t i o n a g e n t s i n b o t h 
t h e p a t e n t a n d r e f e r e e d j o u r n a l l i t e r a t u r e . W e h a v e a t t e m p t e d w i t h o u t s u c c e s s t o 
r e p r o d u c e t h e s e r e s u l t s i n o u r l a b o r a t o r i e s . E v e n i f w e d o b e c o m e s u c c e s s f u l i n u s i n g 
t h e s e a c i d i c r e s i n s a s c a r b o n y l a t i o n a g e n t s , t h e r e r e m a i n s t h e p r o b l e m o f r e g e n e r a t i o n o f 
t h e r e s i n t o r e c o v e r t h e p r o d u c t a l d e h y d e a n d t o r e c o v e r t h e r e a c t i v i t y o f t h e s o l i d . T h e 
t h e r m a l i n s t a b i l i t y o f p o l y m e r i c r e s i n s p r e c l u d e s u s i n g h i g h e r t e m p e r a t u r e s t o r e g e n e r a t e 
t h e s o l i d . 
Quo Vadm 
A s a r e s u l t o f t h i s r e v i e w o f t h e l i t e r a t u r e i t a p p e a r s t h a t t h r e e p a t h s f o r w a r d a r e p o s s i b l e : 
1 ) i n v e s t i g a t e t h e e f f i c a c y o f e t h e r s i n c o m b i n a t i o n w i t h o t h e r a g e n t s , s u c h as 
t r i f l u o r o a c e t i c a c i d o r d i c h l o r o m e t h a n e a s a m e a n s t o b r e a k t h e t r i f l u o r o m e t h a n e s u l f o n i c 
a c i d / a l d h e y d e c o m p l e x , 2 ) e x a m i n e t h e p e r f l u o r o a l k a n e s u l f o n i c a c i d f a m i l y a s c o n v e r s i o n 
a g e n t s f o r a r e n e c a r b o n y l a t i o n ( b e n z e n e o r t o l u e n e ) w i t h a n e m p h a s i s o n t h e r e u s e o f t h e 
s u l f o n i c a c i d , 3 ) e x a m i n e t h e r e a c t i v i t y a n d r e u s e o f z e o l i t e s d e c o r a t e d w i t h C u a n d 
t r e a t e d w i t h H C 1 , a n d 4 ) h i g h risk, h i g h r e t u r n t e c h n o l o g i e s n o t y e t p r o v e n n o r p a t e n t e d . 
W e w i l l d i s c u s s e a c h o f t h e s e a r e a s b r i e f l y h e r e a n d a t t a c h a p r o p o s a l ( A p p e n d i x I I I ) t o 
e l a b o r a t e f u r t h e r o u r i d e a s . 
a . C o m p l e x b r e a k i n g . S t r o n g a c i d s a p p e a r t o b e a v i a b l e p a t h t o f o r m i n g t h e 
a r e n e a l d e h y d e s i n h i g h y i e l d s b y c a r b o n y l a t i o n o f t h e s u b s t r a t e . 
H o w e v e r , a c o m m o n p r o b l e m f o r a l l s y s t e m s i s t h e b r e a k i n g o f t h e 
a c i d / a l d e h y d e c o m p l e x s o a s t o r e g e n e r a t e t h e a c i d . R e g e n e r a t i o n o f t h e 
H F / B F 3 s y s t e m i s a c c o m p l i s h e d b y p a r t i a l v a p o r i z a t i o n o f t h e H F f r o m t h e 
r e a c t i o n m i x t u r e f o l l o w e d b y t h e i n t r o d u c t i o n o f t h e c o - s o l v e n t a n d 
d i s t i l l a t i o n o f t h e r e s u l t i n g l i q u i d t o r e c o v e r t h e p r o d u c t a n d r e g e n e r a t e t h e 
a c i d a p a r t f r o m t h e c o - s o l v e n t . I t i s c l e a r f r o m o u r e a r l i e r w o r k w i t h t r i f l i c 
a c i d t h a t h e a t a l o n e w i l l n o t b r e a k t h e a c i d / a l d e h y d e c o m p l e x . T h e r e s u l t s 
o f m o d e l i n g d u r i n g t h e p a s t 1 2 m o n t h s s u g g e s t t h a t a g e n t s s u c h a s 
d i m e t h y l e t h e r c o u p l e d w i t h m o d e s t h e a t i n g in vacuo m i g h t b r e a k t h e 
t r i f l i c a c i d / a l d e h y d e c o m p l e x . O t h e r m o d e l i n g r e s u l t s o f s u p e r a c i d i c i o n i c 
l i q u i d s s h o w t h a t b o t h a m i n e s a n d e t h e r s a r e v i a b l e c o m p l e x - b r e a k i n g 
a g e n t s . T h e s e m o d e l i n g r e s u l t s a p p e a r t o b e c o n f i r m e d b y a r e c e n t 
m a n u s c r i p t s u b m i t t e d t o M G W f o r r e v i e w w h i c h s h o w e d t h a t t h e 
c o m b i n a t i o n o f d i e t h y l e t h e r a n d d i c h l o r o m e t h a n e w e r e u s e d t o p a r t i a l l y 
r e c o v e r b e n z a l d e h y d e f r o m t h e p r o d u c t m i x t u r e . F i n a l l y , t h e t h e o r y o f 
l i q u i d - l i q u i d e x t r a c t i o n f r o m i o n i c a n d n o n - i o n i c l i q u i d s s u g g e s t t h a t 
a d d i t i v e s t o b o t h t h e o r g a n i c a n d i n o r g a n i c p h a s e s a r e n e c e s s a r y t o r e c o v e r 
a n o r g a n i c a g e n t b o u n d u p i n t h e i n o r g a n i c p h a s e . W e p r o p o s e t o e x a m i n e 
t h e e f f i c a c y o f a s m a l l n u m b e r o f e x t r a c t i n g a g e n t s f o r r e c o v e r i n g 
t o l u a l d e h y d e f r o m s y n t h e t i c m i x t u r e s o f t r i f l i c a c i d / t o l u a l d e h y d e a n d 
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p e r f l u o r o - 7 i - b u t a n e s u l f o n i c a c i d / t o l u a l d e h y d e . T h e l i s t o f e x t r a c t i n g 
a g e n t s i n c l u d e s : d i m e t h y l e t h e r ( u n d e r p r e s s u r e ) , d i e t h y l e t h e r , d i p h e n y l 
e t h e r ( e l e v a t e d t e m p e r a t u r e , ~ 8 0 ° C ) , t r i m e t h y l a m i n e , a n d 
t e t r a m e t h y l a m i n e c h l o r i d e . 
b. A d d i t i o n a l t e s t s w i l l b e c o m p l e t e d f o r b r e a k i n g t h e p e r f l u o r o - « -
b u t a n e s u l f o n i c a c i d / t o l u a l d e h y d e c o m p l e x u s i n g t r i f l u o r o a c e t i c a c i d a s a 
c o - s o l v e n t n e a t a n d i n c o m b i n a t i o n s w i t h s t o i c h i o m e t r i c a m o u n t s o f 
d i e t h y l e t h e r , o r d i c h l o r o m e t h a n e , o r a m i x t u r e o f d i c h l o r o m e t h a n e / d i e t h y l 
e t h e r . 
c . F u r t h e r t e s t s a r e p r o p o s e d u s i n g b i p h a s i c l i q u i d d i s t i l l a t i o n a s m e a n s t o 
r e d u c e t h e e v a p o r a t i o n t e m p e r a t u r e s . M o s t c o m m o n l y , s t e a m i n j e c t i o n i s 
u s e d t o r e c o v e r l e s s v o l a t i l e m a t e r i a l s f r o m a r e a c t i o n m i x t u r e . I n t h i s c a s e , 
w e p r o p o s e t h e u s e o f d r y p e r f l u o r o a l k a n e s , w h i c h a r e t y p i c a l l y 
i m m i s c i b l e w i t h h y d r o c a r b o n m i x t u r e s . 
2 } P e r f l u o r o a l k a n e s u l f o n i c a c i d s . T h e p a t e n t l i t e r a t u r e ( r e f e r e n c e s 6 8 - 7 0 i n c i t a t i o n 
l i s t ) s u g g e s t s t h a t o n e m a y u s e a n a c i d o f l o w e r a c i d i t y t h a n t r i f l i c a c i d t o a f f e c t 
t h e a r e n e c a r b o n y l a t i o n a n d a l s o t o r e c o v e r t h e a l d e h y d e w i t h a c i d r e g e n e r a t i o n 
w i t h o u t t h e u s e o f w a t e r t o b r e a k t h e c o m p l e x . W e p r o p o s e t o r e p r o d u c e t h e s e 
p a t e n t r e s u l t s u s i n g t h e p r o t o c o l o u t l i n e d i n t h e p a t e n t e x a m p l e s a n d c o m p a r e 
t h e s e r e s u l t s f o r a l d e h y d e y i e l d s v e r s u s r e a c t i o n t i m e a g a i n s t t h e r e s u l t s o b t a i n e d 
f o r t r i f l i c a c i d a t t h e s a m e r e a c t i o n c o n d i t i o n s . W e a n t i c i p a t e t h a t t h e y i e l d s 
o b t a i n e d o v e r p e n t a f l u o r o e t h a n e s u l f o n i c a c i d a n d p e r f l u o r o - / ? - b u t a n e s u l f o n i c 
a c i d w i t h b e m u c h l o w e r t h a n t h o s e o b t a i n e d o v e r t r i f l i c a c i d . T h e c o m b i n a t i o n 
o f t h i s r e a c t i o n a c t i v i t y w o r k c o u p l e d w i t h c o m p l e x b r e a k i n g a c t i v i t i e s i n i t e m ( 1 ) 
w i l l d e t e r m i n e i f t h e p e r f l u o r o a l k a n e s u l f o n i c a c i d s m e r i t f u r t h e r e x a m i n a t i o n i n 
l a r g e r s c a l e s t u d i e s . 
3 } S o l i d a c i d s . O n e p a t e n t r e p o r t s h o w s t h a t a r e n e s c a n b e c a r b o n y l a t e d o v e r C u -
e x c h a n g e d z e o l i t e s u s i n g a f e e d g a s o f v a p o r i z e d a r e n e , H C 1 g a s , a n d C O a t h i g h 
p r e s s u r e ( - 7 0 b a r ) . Q u i t e a b i t o f e f f o r t w i l l b e n e e d e d t o c o n f i r m t h i s p a t e n t i f i t 
i s d e s i r e d t o c o m p l e t e t h e w o r k i n a t h r e e - p h a s e , f i x e d b e d , f l o w r e a c t o r . W e 
h a v e s u c h a r e a c t o r a v a i l a b l e n o w , b u t w e d o n o t h a v e a s u i t a b l y - t r a i n e d p e r s o n t o 
c o m p l e t e t h e w o r k h e r e . I a n t i c i p a t e t h a t a t e c h n i c i a n o r a p o s t - d o c t o r a l f e l l o w 
m a y b e a v a i l a b l e a t M i s s i s s i p p i S t a t e U n i v e r s i t y w h e n I m o v e t h e r e i n J a n u a r y . 
O n t h e o t h e r h a n d , a s i m p l e r e a c t i o n i n a s t i r r e d a u t o c l a v e w i l l d e t e r m i n e i f t h e 
s y s t e m d e m o n s t r a t e s a n y a c t i v i t y a n d w i l l t e l l u s t h e r e g i o - s e l e c t i v i t y . W e h a v e 
t h e r e a c t o r a n d t h e a b i l i t y t o c o m p l e t e r e a c t i o n s i n s u c h a n a u t o c l a v e n o w . 
R e g e n e r a t i o n a n d r e u s e o f t h e c a t a l y s t w i l l b e d i f f i c u l t t o d o in situ w i t h o u t t h e 
p u r c h a s e o f a n a p p r o p r i a t e " c a t a l y s t b a s k e t " m a d e b y P a r r f o r t h i s a u t o c l a v e , 
t h o u g h s u c h r e g e n e r a t i o n c a n b e c o m p l e t e d ex situ w i t h o u t t h e n e e d f o r t h i s 
d e v i c e . 
4 } H i g h risk, h i g h r e t u r n , u n t e s t e d t e c h n o l o g i e s . T h e r a d i c a l - i n i t i a t e d p a t h t o 
c a r b o n y l a t i o n i s a t t r a c t i v e i n t h a t n o a l d e h y d e c o m p l e x i s d e v e l o p e d a t t h e e n d o f 
t h e p r o c e s s . H o w e v e r , t h e u s e o f t h e r a d i c a l i n i t i a t o r i n s t o i c h i o m e t r i c 
p r o p o r t i o n s i s c o m m e r c i a l l y u n a t t r a c t i v e . W e p r o p o s e a n a l t e r n a t i v e t o t h i s 
p r o c e s s w h i c h u s e s a h i g h l y r e a c t i v e C e m e t a l o x i d e i n a c i d i c m e d i a 
[ H 2 C e ( N 0 3 ) 6 ] t o a f f e c t a c t i v a t i o n o f t h e a r e n e . T h e C e m e t a l i o n c y c l e s b e t w e e n 
4 
3+ and 4 + states to affect oxidat ion of the arene and the metal ion can be 
regenerated by e lectrochemical means . Moreover , eerie acid m a y be able to 
protonate both C O and the arene to form the formyl cation and the arene 
carbocation s imul taneous ly so as to enhance the reaction rates. W e propose to 
e x a m i n e the viabil i ty of this concept to carbonylate to luene either to the a ldehyde 
of pos s ib ly to the organic a c i d 
5 
A p p e n d i x I — D e t a i l e d L i t e r a t u r e S u r v e y 
C o n s i d e r a t i o n s i n E x a m i n i n g t h e L i t e r a t u r e 
S o m e c o n s i d e r a t i o n s w e r e g i v e n i n e x a m i n i n g t he l i t e r a t u r e . W e d i d n o t i n c l u d e r e f e r e n c e s tha t 
w e r e w r i t t e n i n a l a n g u a g e o t h e r t h a n E n g l i s h f o r w h i c h w e d i d n o t h a v e t r a n s l a t i o n s i n t o E n g l i s h . 
R e a c t i o n s w h i c h i n v o l v e d f u n c t i o n a l i z e d subs t r a tes , s u c h as a rene h a l i d e s , w e r e n o t i n c l u d e d as the 
c o m m e r c i a l v a l u e o f t h i s p r o c e s s w i l l be l i m i t e d s i nce t he s u b s t r a t e cos t w i l l b e h i g h . A l s o e l i m i n a t e d f r o m 
f u r t h e r c o n s i d e r a t i o n w e r e r e a c t i o n s i n v o l v i n g f o r m y l a t i n g agen ts m o r e e x p e n s i v e t h a n C O . F o r e x a m p l e , 
S m i t h 1 d e s c r i b e s a p r o c e s s w h e r e a m i x t u r e o f h e x a m e t h y l e n e t e t r a m i n e a n d t r i f l u o r o a c e t i c a c i d w e r e 
reac ted w i t h a rene i n s t o i c h i o m e t r i c p r o p o r t i o n s t o m a k e an i m i n e i n t e r m e d i a t e w h i c h w a s t h e n c o n v e r t e d 
to the a l d e h y d e b y the a d d i t i o n o f w a t e r . T h e use o f h e x a m e t h y l e n e t e t r a m i n e i n s t o i c h i o m e t r i c p r o p o r t i o n s 
m a k e s th i s p rocess c o m m e r c i a l l y u n a t t r a c t i v e . 
E a r l y A t t e m p t s a t A r e n e C a r b o n y l a t i o n u s i n g A 1 C 1 3 C o m p l e x 
T h e f o r m y l a t i o n o f a renes has a t t r a c t e d the c o m m e r c i a l a n d s c i e n t i f i c i n te res t s o f s c i e n t i s t s and 
e n g i n e e r s f o r o v e r a h u n d r e d yea rs b e g i n n i n g w i t h t he p u b l i c a t i o n o f a m a n u s c r i p t b y G a t t e r m a n n a n d K o c h 
i n 1 8 9 7 . 2 I n th is e a r l y w o r k a l u m i n u m c h l o r i d e c o m p l e x , c o p p e r c h l o r i d e , H C 1 gas a n d C O w e r e c o m b i n e d 
to p r o d u c e b e n z a l d e h y d e . C o m m e r c i a l i n te res t f o r a rene f o r m y l a t i o n c o n t i n u e s to be h i g h e v e n t h o u g h the 
o n e d e m o n s t r a t e d p r o c e s s 3 uses t he e n v i r o n m e n t a l l y a g g r e s s i v e c a t a l y s t H F / B F 3 . T h i s p rocess a l l o w s f o r 
the r e c o v e r y o f t he a l d e h y d e b y b r e a k i n g t he a l d e h y d e a c i d c o m p l e x . 4 A s a r e s u l t o f t he d e s i r e to r e d u c e 
the e n v i r o n m e n t a l t h r e a t s , m a n u f a c t u r e r s seek agen ts f o r th i s c o n v e r s i o n t ha t poses m i n i m a l th rea ts t o the 
e n v i r o n m e n t . 
P h o t o c a t a l y t i c C a r b o n y l a t i o n b y M e t a l s 
O t h e r a p p r o a c h e s f o r th i s r e a c t i o n i n c l u d e the o x i d a t i v e a d d i t i o n t o the m e t a l c e n t e r i n a s u i t a b l e 
c o m p l e x u s u a l l y a c c o m p a n i e d b y i r r a d i a t i o n . S u c h m e t a l c o m p l e x e s i n c l u d e : 
I r H 3 ( C O ) ( P h 2 P C H 2 C H 2 P P h 2 ) ; 5 R h C l ( C O ) ( P P h 3 ) 2 ; 6 a n d R h C l ( C O ) ( P M e 2 ) 2 . 7 G o r d o n a n d E i s e n b e r g r e p o r t 
the U V - p h o t o c a t a l y s i s o f b e n z e n e to b e n z a l d e h y d e u s i n g R u ( 0 ) c o m p l e x e s 8 , w h e r e a s K u n i n a n d E i s e n b e r g 
used e i t h e r a R h ( I ) o r an I r ( I ) c o m p l e x . 9 T h e s e a u t h o r s c o n f i r m the l o w y i e l d s o f t he a l d e h y d e ( - 5 % ) w h e n 
e q u i l i b r i u m t h e r m o d y n a m i c s ( A G ° l x n = L.7 k c a l / m o l a rene r e a c t e d ) 9 o f t he n e u t r a l , u n c o m p l e x e d spec ies 
c o n t r o l the s y s t e m . I n a sepa ra te e x p e r i m e n t , t h e y o b s e r v e d d e c o m p o s i t i o n o f t h e a l d e h y d e p r o d u c t to C O 
and b e n z e n e , c o n f i r m i n g tha t the r e a c t i o n is c a t a l y t i c a n d tha t i t is e q u i l i b r i u m c o n t r o l l e d . T h e y s p e c u l a t e 
that U V p h o t o n s are used to a c t i v a t e a C - H b o n d a n d tha t t h e m e t a l c o m p l e x is i n v o l v e d i n a d d i n g the C O 
to t he a c t i v a t e d p h e n y l - H spec ies . T h i s p h o t o c a t a l y t i c a p p r o a c h w i l l n e v e r r e a l i z e h i g h y i e l d s as l o n g as the 
p r o d u c t a n d reac tan ts c o e x i s t w i t h a v i a b l e c a t a l y s t i n the p r e s e n c e o f p h o t o n s . T h e y a t t e m p t e d , w i t h o u t 
success , to d r i v e the r e a c t i o n t o c o m p l e t i o n b y i ) h y d r o g e n a t i n g t he a l d e h y d e t o t he a l c o h o l , a n d b y 2 ) 
t r a p p i n g t he p r o d u c t b y h y d r o s i l a t i o n in situ w i t h t he p h o t o c a t a l y s t s . T h e a u t h o r s c o u l d n o t e x p l a i n t he i r 
l a ck o f success i n t r a p p i n g t he a l d e h y d e as a n o t h e r p r o d u c t o f l o w e r f r e e e n e r g y b u t i t is c l e a r t h i s a p p r o a c h 
does w o r k w h e n t h e p r o d u c t a l d e h y d e f o r m s an a d d u c t w i t h a s t r o n g a c i d f o l l o w e d b y d e s t r u c t i o n o f the 
c a t a l y s t b y t he a c t i o n o f w a t e r (vide infra). E v e n i f t h e y w e r e s u c c e s s f u l i n d r i v i n g the r e a c t i o n ; t he 
t u r n o v e r r a t e , 0 .4 h " ' , is t o o l o w to be o f c o m m e r c i a l i m p o r t a n c e e v e n t h o u g h t he c o n d i t i o n s w e r e m o d e s t 
( ~ 2 5 ° C , 8 0 0 T o r r C O ) . I t appea rs tha t t he t h e r m o d y n a m i c l i m i t a t i o n d o e s n o t p e r m i t s u f f i c i e n t 
t h e r m o d y n a m i c d r i v i n g f o r c e t o d e v e l o p s u i t a b l e r e a c t i o n v e l o c i t i e s . 
R a d i c a l - I n i t i a t e d C a t a l y t i c C a r b o n y l a t i o n b y M e t a l s 
Z h u o a n d J i a n g r e p o r t e d a d i f f e r e n t s y s t e m f o r t he c a t a l y t i c c a r b o n y l a t i o n o f b e n z e n e u s i n g 
C o ( O A c ) 2 / K 2 S 2 0 8 / C C l 3 C O O H / p y r i d i n e w h i c h r e a l i z e d y i e l d s o f b e n z a l d e h y d e up t o 3 5 % w h e n t he 
b e n z e n e c o n v e r s i o n w a s 5 0 % . 1 I t w a s s p e c u l a t e d tha t a r a d i c a l m e c h a n i s m w a s o p e r a t i v e as a resu l t o f 
e i t he r a r a d i c a l f o r m e d f r o m e i t h e r t he p e r s u l f a t e o r t he t r i c h l o r o a c e t i c a c i d . T h e use o f e i t h e r r e q u i r e d 
reagen t m a k e s th i s s c h e m e c o m m e r c i a l l y u n f e a s i b l e . M o r e o v e r , t he o x i d a t i o n o f t h e m e t h y l c a r b o n o f 
t o l u e n e m a y l e a d to a n o t h e r r e a c t i o n m a n i f o l d as r e p o r t e d b y G e o r g e , et al.u S o m a 1 2 r e p o r t e d i n a 
Japanese P a t e n t A p p l i c a t i o n t he p r o d u c t i o n o f a r o m a t i c a l d e h y d e b y the a c t i o n o f C u ( I ) o r A g ( I ) c a r b o n y l s 
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i n s u p e r a c i d s h a v i n g a H a m m e t t a c i d i t y f u n c t i o n o f - 1 5 a n d m o r e n e g a t i v e . I n v i e w o f t h e r e p o r t s t o 
f o l l o w , i t a p p e a r s t h a t t h e i n c o r p o r a t i o n o f t h e m e t a l s a l t s a r e i m m a t e r i a l t o t h e a l d e h y d e p r o d u c t i o n a n d 
t h a t t h e s u p e r a c i d s a l o n e a r e r e s p o n s i b l e f o r t h e h i g h y i e l d s o f a l d e h y d e . 
P e r f l u o r o a l k a n e s u l f o n i c A c i d s 
" " ' P e r f l u o r o a l k a n e s u l f o n i c a c i d s a n d t h e i r d e r i v a t i v e s a r e o f c o m m e r c i a l s i g n i f i c a n c e b e c a u s e o f 
t h e i r u n u s u a l a c i d s t r e n g t h , c h e m i c a l s t a b i l i t y , a n d t h e s u r f a c e a c t i v i t y o f t h e h i g h e r m e m b e r s o f t h e s e r i e s 
( e i g h t c a r b o n s a n d l a r g e r ) . T h e b e s t m e t h o d o f p r e p a r a t i o n i s via t h e p e r f l u o r i n a t e d s u l f o n y l f l u o r i d e s 
d e r i v e d f r o m e l e c t r o c h e m i c a l f l u o r i n a t i o n , a l t h o u g h o t h e r m e t h o d s i n c l u d i n g d i r e c t f l u o r i n a t i o n w i t h 
f l u o r i n e g a s a r e k n o w n . T h e f i r s t m e m b e r o f t h e s e r i e s , t r i f l u o r o m e t h a n e s u l f o n i c a c i d , i s o n e o f t h e 
s t r o n g e s t a c i d s k n o w n . A l k y l e s t e r s o f t r i f l u o r o m e t h a n e s u l f o n i c a c i d a r e a m o n g t h e b e s t l e a v i n g g r o u p s 
k n o w n a n d a r e c o m m o n l y u s e d i n t h a t c a p a c i t y i n d i s p l a c e m e n t r e a c t i o n s . L i t h i u m 
t r i f l u o r o m e t h a n e s u l f o n a t e s o l u t i o n s a r e v e r y c o n d u c t i v e a n d c a n f i n d a p p l i c a t i o n a s e l e c t r o l y t e s i n p r i m a r y 
l i t h i u m b a t t e r i e s a n d a s a n t i s t a t s f o r f i l m s . " 
" D e r i v a t i v e s o f t h e l o n g e r - c h a i n p e r f l u o r o a l k a n e s u l f o n i c a c i d s h a v e a n u m b e r o f u n i q u e s u r f a c e - a c t i v e 
p r o p e r t i e s a n d h a v e f o r m e d a b a s i s f o r a n u m b e r o f c o m m e r c i a l p r o d u c t s . T h e l o n g e r - c h a i n a c i d s a n d t h e i r 
s a l t s , p a r t i c u l a r l y C 8 F 1 7 S 0 3 H a n d h i g h e r , a r e s u r f a c e - a c t i v e a g e n t s i n a q u e o u s m e d i a . T h e y r e d u c e t h e 
s u r f a c e t e n s i o n o f w a t e r t o l e v e l s n o t p o s s i b l e w i t h h y d r o c a r b o n s u r f a c t a n t s . " 
" 1 . P r e p a r a t i o n . T h e p e r f l u o r o a l k a n e s u l f o n i c a c i d s w e r e f i r s t r e p o r t e d i n 1 9 5 4 . T r i f l u o r o m e t h a n e s u l f o n i c 
a c i d w a s o b t a i n e d b y t h e o x i d a t i o n o f b i s ( t r i f l u o r o m e t h y l t h i o ) m e r c u r y w i t h a q u e o u s h y d r o g e n p e r o x i d e 1 3 . 
T h e p r e p a r a t i o n o f a s e r i e s o f p e r f l u o r o a l k a n e s u l f o n i c a c i d s d e r i v e d f r o m e l e c t r o c h e m i c a l f l u o r i n a t i o n 
( E C F ) o f a l k a n e s u l f o n y l h a l i d e s w a s a l s o d i s c l o s e d i n t h e s a m e y e a r 1 4 . T h e s y n t h e t i c o p e r a t i o n s e m p l o y e d 
w h e n t h e p e r f l u o r o a l k a n e s u l f o n i c a c i d i s d e r i v e d f r o m e l e c t r o c h e m i c a l f l u o r i n a t i o n , w h i c h i s t h e b e s t 
m e t h o d o f p r e p a r a t i o n , a r e s h o w n i n t h e e q u a t i o n s t h a t f o l l o w 1 3 ' 1 4 , 1 5 
R h S 0 2 F + H F - > R f S 0 2 F + F f 2 ( 1 ) 
w h e r e R > , i s a n a l k y l g r o u p a n d R / i s a p e r f l u o r o a l k y l g r o u p 
R f S 0 2 F + K O H - » R f S 0 3 K + H F (2) 
R f S 0 3 K + H 2 S 0 4 - » R f S 0 3 H + K H S 0 4 ( 3 ) 
" P e r f l u o r o s u l f o n y l f l u o r i d e s c a n a l s o b e p r e p a r e d b y t h e e l e c t r o c h e m i c a l f l u o r i n a t i o n o f s a t u r a t e d o r 
u n s a t u r a t e d c y c l i c s u l f o n e s 1 5 - 1 6 - 1 " . P e r f l u o r o b u t a n e s u l f o n y l f l u o r i d e c a n b e p r e p a r e d i n 4 0 - 4 8 % y i e l d f r o m 
s u l f o l a n e ( e q . 4 ) 1 8 . 
C F a C F 2 C P 2 C . F 2 S 0 2 F ( 4 ) 
" Y i e l d s o f s u l f o n y l f l u o r i d e s p r e p a r e d b y E C F v a r y d e p e n d i n g o n t h e p a r t i c u l a r s t r u c t u r e . C h a i n 
d e g r a d a t i o n b e c o m e s m o r e i m p o r t a n t a s t h e c h a i n l e n g t h i n c r e a s e s 1 8 . Y i e l d s c a n v a r y f r o m 9 6 % f o r 
p e r f l u o r o m e t h a n e s u l f o n y l f l u o r i d e 1 9 t o 4 3 - 5 0 % f o r p e r f l u o r o o c t a n e s u l f o n y l f l u o r i d e 2 0 . " 
" O t h e r p r e p a r a t i o n s o f t r i f l u o r o m e t h a n e s u l f o n i c a c i d i n c l u d e o x i d a t i o n o f m e t h y l t r i f l u o r o m e t h y l s u l f i d e 
u n d e r a v a r i e t y o f c o n d i t i o n s 2 1 , 2 2 . P e r f l u o r o s u l f o n y l f l u o r i d e s h a v e a l s o b e e n p r e p a r e d b y r e a c t i o n o f 
l l
 T e x t i n q u o t e s w e r e t a k e n verbatim f r o m t h e r e p o r t b y P a t r i c i a S a v u , " F l u o r i n e - C o n t a i n i n g P o l y m e r s , 
P e r f l u o r o a l k a n e s u l f o n i c A c i d s " , Kirk-Othmer Encyclopedia of Chemical Technology ( 1 9 9 4 ) , J o h n W i l e y & 
S o n s , I n c . 
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f l u o r o o l e f i n s w i t h s u l f u r y l fluoride23'24. C h i n e s e c h e m i s t s h a v e p u b l i s h e d n u m e r o u s p a p e r s o n the 
c o n v e r s i o n o f t e l o m e r - b a s e d a l k y l i o d i d e s t o s u l f o n y l f l u o r i d e s 2 5 ' 2 6 ( eqs . 5 a n d 6 ) : 
2 R f I + N a 2 S 2 0 4 + N a H C 0 3 - » 2 R f S 0 2 N a ( 5 ) 
R f S 0 2 N a + C l 2 - » R f S 0 2 C l + N a C l ( 6 ) 
" P e r f l u o r o s u l f o n y l fluorides h a v e a l so b e e n p r e p a r e d b y d i r e c t f l u o r i n a t i o n , a l t h o u g h i n g e n e r a l y i e l d s are 
l o w e r t h a n p r e p a r a t i o n b y E C F . P e r f l u o r o m e t h a n e s u l f o n y l fluoride has b e e n p r o d u c e d i n 1 5 % y i e l d f r o m 
d i r e c t f l u o r i n a t i o n o f d i m e t h y l s u l f o n e 2 1 . P e r f l u o r o - 2 - p r o p a n e s u l f o n y l fluoride w a s p r e p a r e d i n 2 9 % y i e l d 
f r o m p r o p a n e s u l f o n y l fluoride28. D i r e c t f l u o r i n a t i o n o f t e t r a m e t h y l e n e s u l f o n e leads t o t he i n tac t 
p e r f l u o r i n a t e d s u l f o n e i n 2 8 % y i e l d a n d t he r i n g - o p e n e d p r o d u c t ( p e r f l u o r o b u t a n e s u l f o n y l fluoride) i n 1 0 % 
y i e l d ( e q . 1 0 ) 2 3 . 
( 7 ) 
" C u r r e n t l y , t he c o m m e r c i a l l y i m p o r t a n t m e t h o d s o f p r e p a r a t i o n s o f p e r f l u o r i n a t e d s u l f o n i c a c i d d e r i v a t i v e s 
are e l e c t r o c h e m i c a l f l u o r i n a t i o n a n d s u l f u r t r i o x i d e a d d i t i o n to t e t r a f l u o r o e t h y l e n e w i t h s u b s e q u e n t r i n g 
o p e n i n g . T h e b o i l i n g p o i n t s o f a ser ies o f p e r f l u o r o a l k a n e s u l f o n i c ac ids a re l i s t e d i n T a b l e I 1 3 . 
T a b l e 1 . B o i l i n g P o i n t s o f P e r f l u o r o a l k a n e s u l f o n i c A c i d s 
C o m p o u n d C A S R e g i s t r y N u m b e r B p , ° C / k P a ^ B p , °Cl2 
C F 3 S O 3 H [ 1 4 9 3 - 1 3 - 6 ] 6 0 / 0 . 4 1 6 6 
C 2 F 5 S 0 3 H [ 3 5 4 - 8 8 - 1 ] 8 1 / 2 . 9 1 7 5 c 
C 4 F 9 S 0 3 H [ 5 9 9 3 3 - 6 6 - 3 ] 7 6 - 8 4 / 0 . 0 1 7 200r-
C 5 F n S 0 3 H [ 3 8 7 2 - 2 5 - 1 ] 1 1 0 / 0 . 6 7 ^ 2 1 2 S -
C 6 F , 3 S 0 3 H [ 3 5 5 - 4 6 - 4 ] 9 5 / 0 . 4 7 2 2 5 -
C 8 F 1 7 S 0 3 H [ 1 7 6 3 - 2 3 - 1 ] 1 3 3 / 0 . 8 2 4 9 
4 - C F 3 ( c y c l o - C 6 F 1 0 ) S O 3 H [ 3 7 4 - 6 2 - 9 ] ' 1 2 0 / 0 . 4 2 4 1 
4 - C 2 F 5 ( c y c l o - C 6 F 1 0 ) S O 3 H [ 3 3 5 - 2 4 - 0 f 2 5 4 
" T o c o n v e r t k P a t o m m H g , m u l t i p l y b y 7 . 5 ; bAt ; ' E s t i m a t e d ; ' ' T h e h y d r a t e ; £ - C 5 F n S 0 3 H a n h y d r o u s . 
' P o t a s s i u m sal t . 
T r i f l u o r o m e t h a n e s u l f o n i c A c i d 
" T h e f i r s t m e m b e r o f t he se r i es , C F 3 S 0 3 H , has b e e n e x t e n s i v e l y s t u d i e d . T r i f l u o r o m e t h a n e s u l f o n i c a c i d 
[ 1 4 9 3 - 1 3 - 6 ] is a s t a b l e , h y d r o s c o p i c l i q u i d , w h i c h f u m e s in a i r . A d d i t i o n o f an e q u i m o l a r a m o u n t o f w a t e r 
to the a c i d r esu l t s i n a s t a b l e , d i s t i l l a b l e m o n o h y d r a t e , m p 3 4 ° C , b p 9 6 ° C at 0 . 1 3 k P a (1 m m H g ) 2 9 . 
M e a s u r e m e n t o f c o n d u c t i v i t y o f s t r o n g a c i d s i n ace t i c a c i d has s h o w n t he a c i d t o b e o n e o f t he s t r o n g e s t 
p r o t i c ac ids k n o w n , s i m i l a r t o f l u o r o s u l f o n i c a n d p e r c h l o r i c a c i d 3 0 . " 
" T r i f l u o r o m e t h a n e s u l f o n i c a c i d is m i s c i b l e i n a l l p r o p o r t i o n s w i t h w a t e r a n d is s o l u b l e i n m a n y p o l a r 
o r g a n i c s o l v e n t s s u c h as d i m e t h y l f o r m a m i d e , d i m e t h y l s u l f o x i d e , a n d a c e t o n i t n l e . I n a d d i t i o n , i t is s o l u b l e 
in a l c o h o l s , k e t o n e s , e t h e r s , and es te rs , b u t these g e n e r a l l y a re n o t s u i t a b l y i n e r t s o l v e n t s . T h e a c i d reacts 
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w i t h e t h y l e the r t o g i v e a c o l o r l e s s , l i q u i d o x o n i u m c o m p l e x , w h i c h o n f u r t h e r h e a t i n g g i v e s t h e e t h y l ester 
and e t h y l e n e . R e a c t i o n w i t h e t h a n o l g i v e s t h e es ter , b u t i n a d d i t i o n d e h y d r a t i o n a n d e the r f o r m a t i o n 
o c c u r s . " 
" A l k y l es ters o f t r i f l u o r o m e t h a n e s u l f o n i c a c i d , c o m m o n l y c a l l e d t r i f l a t e s , h a v e b e e n p r e p a r e d f r o m the 
s i l v e r sa l t a n d an a l k y l i o d i d e , o r b y r e a c t i o n o f t h e a n h y d r i d e w i t h an a l c o h o l 3 0 ' 3 1 , 3 2 . T r i f l a t e s o f t he 1 , 1 -
d i h y d r o p e r f l u o r o a l k a n o l s , C F 3 S 0 2 O C H 2 R / , c a n be p r e p a r e d b y t h e r e a c t i o n o f p e r f l u o r o m e t h a n e s u l f o n y l 
f l u o r i d e w i t h . t h e d i h y d r o a l c o h o l i n t he p r e s e n c e o f t r i e t h y l a m i n e 3 3 ' 3 4 . T r i f l a t e s are i m p o r t a n t i n t e r m e d i a t e s 
in s y n t h e t i c c f i e m i s t r y . T h e y a re a m o n g t he bes t l e a v i n g g r o u p s k n o w n , so t h e y are c o m m o n l y e m p l o y e d i n 
a n i o n i c d i s p l a c e m e n t r e a c t i o n s . " 
" T h e m e t a l l i c sa l ts o f t r i f l u o r o m e t h a n e s u l f o n i c a c i d c a n be p r e p a r e d b y r e a c t i o n o f t h e a c i d w i t h the 
c o r r e s p o n d i n g h y d r o x i d e o r c a r b o n a t e o r b y r e a c t i o n o f s u l f o n y l f l u o r i d e w i t h t h e c o r r e s p o n d i n g h y d r o x i d e . 
T h e sal ts a re h y d r o s c o p i c b u t c a n be d e h y d r a t e d at 1 0 0 ° C u n d e r v a c u u m . T h e s o d i u m sa l t has a m e l t i n g 
p o i n t o f 2 4 8 ° C a n d d e c o m p o s e s at 4 2 5 ° C . T h e l i t h i u m sa l t o f t r i f l u o r o m e t h a n e s u l f o n i c a c i d [ 3 3 4 5 4 - 8 2 - 9 ] , 
C F 3 S 0 3 L i , c o m m o n l y c a l l e d l i t h i u m t r i f l a t e , is used as a b a t t e r y e l e c t r o l y t e i n p r i m a r y l i t h i u m ba t t e r i es 
because s o l u t i o n s o f i t e x h i b i t h i g h e l e c t r i c a l c o n d u c t i v i t y , a n d because o f t h e c o m p o u n d ' s l o w t o x i c i t y a n d 
e x c e l l e n t c h e m i c a l s t a b i l i t y . I t m e l t s at 4 2 3 ° C a n d d e c o m p o s e s at 4 3 0 ° C . I t is q u i t e s o l u b l e i n p o l a r o r g a n i c 
s o l v e n t s a n d w a t e r . T a b l e 2 s h o w s the e l e c t r i c a l c o n d u c t i v i t i e s o f l i t h i u m t r i f l a t e i n c o m p a r i s o n w i t h o t h e r 
l i t h i u m e l e c t r o l y t e s w h i c h are m u c h m o r e t o x i c 3 5 . " 
T a b l e 2. C o m p a r a t i v e E l e c t r i c a l C o n d u c t i v i t y ^ o f L i t h i u m S a l t s 
C o n c e n t r a t i o n , M C F 3 S 0 3 L i L i C 1 0 4 L i A s F 6 
0.5 2 4 . 4 2 9 . 9 2 6 . 3 
0.1 5 .81 7.4 6 .94 
0 .05 3 .12 3 .83 3 .57 
0 . 0 1 0 . 7 0 0 .83 0 . 7 9 
" I n w a t e r at 2 5 ° C , 
" D u e t o the s t r o n g i o n i c n a t u r e o f l i t h i u m t r i f l u o r o m e t h a n e s u l f o n a t e , i t c a n i n c r e a s e t h e c o n d u c t i v i t y o f 
c o a t i n g f o r m u l a t i o n s , a n d t h e r e b y e n h a n c e t h e d i s s i p a t i o n o f s ta t i c e l e c t r i c i t y i n n o n c o n d u c t i n g subs t ra tes 
(see A n t i s t a t i c a g e n t s ) 3 6 . " 
" T r i f l u o r o m e t h a n e s u l f o n i c a c i d a n h y d r i d e , b p 8 4 ° C , is p r e p a r e d b y r e f l u x i n g t he a c i d o v e r an excess o f 
p h o s p h o r o u s p e n t o x i d e 3 0 ' 3 7 . T h e a n h y d r i d e reac ts i n s t a n t a n e o u s l y w i t h a m m o n i a o r a m i n e s to f o r m 
t r i f l u o r o m e t h a n e s u l f o n a m i d e s . T h e a n h y d r i d e reac ts w i t h m o s t p o l a r o r g a n i c s o l v e n t s . I t p o l y m e r m i z e s 
t e t r a h y d r o f u r a n , T H F , t o g i v e a l i v i n g p o l y e t h e r h a v i n g c a t i o n i c a c t i v i t y at e a c h c h a i n e n d 3 8 . " 
" S e v e r a l r e v i e w a r t i c l e s 3 9 , 4 0 ' 4 1 ' 4 2 , 4 3 c o v e r t he c h e m i s t r y o f t he a c i d a n d i ts d e r i v a t i v e s i n g r e a t d e t a i l . 
T r i f l u o r o m e t h a n e s u l f o n i c a c i d is a v a i l a b l e f r o m the 3 M C o . as F l u o r o c h e m i c a l A c i d F C - 2 4 ; t he l i t h i u m sal t 
is a v a i l a b l e as F l u o r o c h e m i c a l S p e c i a l t i e s F C - 1 2 2 , F C - 1 2 3 , a n d F C - 1 2 4 4 4 . " 
S o l u b i l i t y o f / 7 - t o l u a l d e h y d e i n t r i f l i c a c i d / w a t e r m i x t u r e s . W e e x a m i n e d t h e e f f e c t o f w a t e r t o b r e a k the 
t r i f l i c a c i d - a l d e h y d e c o m p l e x b y p r e p a r i n g an a c i d / a l d e h y d e s a m p l e h a v i n g a c o m p o s i t i o n s i m i l a r to the 
p r o d u c t at t he e n d o f t he c a r b o n y l a t i o n r e a c t i o n : 10 m o l e s a c i d / m o l e o f a l d e h y d e b y a d d i n g 1.95 g o f t r i f l i c 
a c i d w i t h 0 . 1 6 g o f a l d e h y d e . T o t h i s m i x t u r e w e a d d e d d i s t i l l e d w a t e r a n d r e c o r d e d t he c o l o r o f the 
s o l u t i o n a n d t he n u m b e r o f phases p resen t . T h e l i q u i d r e m a i n s r e d f o r a w a t e r / H O T f r a t i o u p t o 7 
m o l s / m o l . W h e n t h e a m o u n t o f w a t e r e x c e e d s 8 m o l s / m o l a c i d , t he s o l u t i o n t u r n s a v e r y d a r k g r e e n , b u t i t 
r e m a i n s o n e phase . P h a s e s e p a r a t i o n w a s o b s e r v e d w h e n t h e a m o u n t o f w a t e r e q u a l s 13 m o l w a t e r / m o l o f 
a c i d . F u r t h e r a d d i t i o n o f w a t e r m a k e s t he t h i n , g r e e n o i l l a y e r m o r e o b v i o u s , b u t t he l o w e r l a y e r is a l i g h t 
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green color. After 1 h the phase separation is very distinct with the lower phase showing a very light green 
color and the upper phase showing a very dark, green color. This liquid is still very acidic as shown by 
Li tmus paper. The lower phase becomes colorless after s tanding for 24 h. 
0 . 0 5 0 . 1 
m o l e f r a c t i o n , p - t o l u a l d e h y d e 
0 . 1 5 
Figure 1 Solubil i ty of to luene in triflic acid 
Solubili ty of toluene in triflic acid. W e 
determined the solubili ty of toluene in triflic 
acid at room temperature by the following 
method. 0.5 m L of triflic acid was dispensed 
into a 2 m L glass sample bottle. T o this acid 
was added toluene in 100 uL aliquots. W e 
observed the system as a function of toluene 
addition. The first 100 uL of toluene (0.94 
u.moles) was comple te ly soluble in the 0.5 mL 
of triflic acid (5 mmoles ) ; however , the next 
100 u L of toluene was only partially dissolved 
as we noticed the formation of a second layer 
in the sample vial. Three more 100 uL 
aliquots of toluene when added to the acid-rich 
phase did not dissolve. Thus , the solubility of 
toluene in triflic acid at room temperature is 
less than 1.8 mmol of toluene per 5 mmoles of 
triflic acid for a ratio of 0.376 mol toluene/mol 
of triflic acid ( toluene mole fraction = 0.27). T o this mixture we added 100 u L of p- to lua ldehyde (0.91 
mmole) . T h e result ing red liquid was a single phase. Apparent ly , the addit ion of the p - to lua ldehyde to the 
acid/toluene mixture increases the solubility of the toluene in the acid to a ratio of 0.94 mol toluene/mol 
acid. Subsequent ly , we added two more aliquots of toluene, each 0.94 mmoles , to this mixture of 
acid/ toluene/ tolualdehyde. The resulting solution again showed two phases when the toluene mole fraction 
was > 0.44. This phase tested acidic by litmus paper. W e continued this s tudy by adding another aliquot of 
p- to lua ldehyde (0.91 mmol , total = 1.82 mmol) to this solution to observe that again, only a single phase 
was present. W e cont inued to add toluene in 100 uL aliquots until a second phase was formed when total 
amount of toluene was > 9.42 mmol . Then a third aliquot of p - to lua ldehyde was added (2.73 mmol , total) 
and more toluene was added until phase separation occurred (14.79 mmol of to luene) . Final ly, we added a 
fourth aliquot of p- to lua ldehyde (total amount of p - to lua ldehyde = 3.64 mmol) to this mixture and again a 
single phase was observed. T o this solution was added more aliquots of toluene (total amount added = 7.86 
g toluene) and no phase separation was observed. W e conclude that to luene is miscible with a solution 
containing 3.6 mmol of p - to lua ldehyde with 5.0 mmol of triflic acid. 
The solubility of toluene in the acid/p- tolualdehyde/ toluene solut ion is a function of p -
tolualdehyde mole fraction in Figure 1. Triflic acid dissolved toluene up to a toluene mole fraction = 0.27 
at phase separation. With the addition of 0.91 mmol p- to lua ldehyde , the toluene solubil i ty increased to a 
mole fraction of 0.44 at phase separation. Upon adding another 0.91 mmol p - to lua ldehyde to this solution, 
the toluene mole fraction at phase separation increased to 0.55 and thence to 0.66 with the last aliquot of p -
tolualdehyde (p- tolualdehyde mole fraction = 0.12). These data suggest that the solubil i ty of toluene in 
triflic acid can be improved by the addit ion of p- to lua ldehyde . 
Enthalpy of mixing-binary mixtures with H O T f and base. T h e enthalpy of mixing, Figure 2, was 
est imated for combin ing triflic acid with the fol lowing bases: 1) water, 2) p - to lua ldehyde , 3) methyl 
pyrrolidine, 4) acetonitr i le, and 5) tetrahydrofuran. The enthalpy of mixing sulfuric acid with water was 
also est imated using this apparatus as a control . Our measured values for the enthalpy of mixing for 
sulfuric acid/water are similar to those found in the literature and thereby show the accuracy of our 
apparatus (+/- 7 kJ/mol = 1-2 kcal /mol) . W e notice that the enthalpy of mixing triflic acid/water (40-50 
kJ/mol of acid) is greater than that for sulfuric acid/water by about 10-15 kJ/mol acid (25-40 kJ/mol acid) 
when measured at the same ratio of base added to acid. However , the enthalpy of mixing of p- to lua ldehyde 
is less than the heat of mixing of triflic acid/water (25-30 kJ/mol) . Thus , we see why water can be used to 
"break" the a ldehyde/acid adduct at the end of reaction. 
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The heats of mixing are even higher for combin ing triflic acid with other bases , such as methyl 
pyroll idine (53-60 kJ/mol acid) , tetrahydrofuran (43 kJ/mol acid), and acetonitri le (42 kJ/mol acid). Methyl 
pyroll idine (MPy) is used in a patented p r o c e s s 4 5 to dry wet triflic acid; thus from these thermodynamic 
data, it becomes easy to see why it can displace water from the wet acid. This base will form two salts with 
triflic acid which engage in the following equil ibr ium upon addit ion/subtract ion of heat: 
+A 
M P y ( H O T f ) 2 ° MPy(HOTf ) + HOTf(g) 
-A 
Thus , H O T f is freed from the diacid salt of M P y by the addit ion of heat so as to vaporize the acid and to 
leave the monoacid as a liquid in the still. The monoacid , M P y ( H O T f ) , is sufficiently basic to displace 
water from wet H O T f by the fol lowing equil ibr ium. 
+A 
MPy(HOTf ) + H O T f ( n H 2 0 ) M P y ( H O T f ) 2 + n H 2 0 ( g ) 
- A 
Water is e l iminated from the wet acid at 30°C under a vacuum of 1 Torr with the action of the monoacid . 
Thus , the Ha ldor -Topsoe process dries wet triflic acid by the combinat ion of these two equilibria which are 
driven by the combinat ion of heat 
and vacuum. 
W e tested tetrahydrafuran 
and acetonitri le as alternatives to 
M P y as a co-solvent to break the 
a ldehyde acid adduct. 
Heats of mix ing—ternary mixtures. 
W e examined further the heat 
effects for combin ing H O T f with 
water and organic bases such as 
methyl pyrrol idine and also p-
tolualdehyde. In the first instance 
we est imated the heat effect for 
combin ing a mixture containing 2 
g-mol of H O T f and 1 g-mol of p-
tolualdehyde with 4 g-moles of 
water. T h e effect was -34.5 kJ/mol 
of acid. In another exper iment , we 
combined a mixture containing 1.5 
g-mol of H O T f and 1 g-mol of 
M P y with another mixture 
containing 1 g-mol of H O T f and 2 
Sulfuric acid/water 
•Sulfuric acid/water 
Triflic acid/w ater 
Triflic acid/p-
tolualdehyde 
Triflic acid/methyl 
pyrrolidine 
Triflic 
acid/tetrahydrof uran 
Triflic acid/acetonitrile 
1 2 3 
B a s e / a c i d r a t i o , m o l e s / m o l 
Figure 2 Enthalpy of mixing for acids/bases 
g-mol of water. T h e result ing heat effect was -5.8 kJ/mol acid. These heats of mixing are smaller than 
what we reported for mixing of H O T f with a single base by a factor of 2-10; perhaps as a result that both of 
the reagents were "d i lu ted" H O T f mixtures before they were combined . 
R e a c t i v i t y o f T r i f l i c A c i d T o w a r d s A r e n e C a r b o n y l a t i o n 
Effect of stirring speed. Tests were comple ted to identify the stirring speed necessary to el iminate the 
effects of mass transport upon the observed reaction rates. T h e impeller speeds were varied between 500 
and 2000 rpm for a constant set of reaction condi t ions. For all tests, the reaction tempera ture was 25°C, the 
reaction t ime was 30 minutes , and the acid/substrate ratio was 2 mol /mol . In one series of tests the CO 
partial pressure was 809 psig and for other series the C O partial pressure was 1100 psig. T h e conversion of 
toluene was recorded for each of these tests as an indication of the reactor per formance (Table 1 ) . 
T a b l e 1 T o l u e n e c o n v e r s i o n a s a f u n c t i o n o f i m p e l l e r s p e e d 
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Impeller speeds, rpm 500 600 1000 1300 2000 
C O partial pressure, psig 
809 
1100 
3.8 6.5 
20. 
8.0 8.0 
20.3 20.6 
These data suggest that the reaction rate was 
not affected by impeller speed when it was > 1000 rpm 
at > 800 psig pressure or when it was > 600 at 1100 
psig. For the remainder of the tests, the impeller speed 
was 600 rpm. 
Effect of C O pressure. The C O partial pressure was 
changed from 5 0 0 to 2000 psig to document the effect 
of C O partial pressure on the reaction rate (Figure 3). 
For all tests, the acid/substrate ratio was 2 mol /mol , the 
reaction temperature was 25°C , and the reaction time 
was Vi h. The yields of p- to lua ldehyde increased from 
5-6% to 1 8 % when the C O partial pressure increased 
from 800 to 1100 psig. Further increases in C O partial 
pressure to 2000 psig caused only small increases in the 
yield of p - to lua ldehyde (21%) . These tests suggest that 
the system becomes saturated with C O at a p r e s s u r e 
near 1100 psig and therefore, the solubility of C O into 
the reacting liquid will not limit the reaction rate when 
the C O partial pressure is at least 1100 psig. 
Figure 3 Effect of pressure upon reactivity 
3 0 % 
2 5 % 
2 0 % 
5% 
0 % 
1 • p-tolualdehyde 
" ^ ^ h e a v i e s 
— \ ^ * ~ t o l u e n e conversion 
0.2 0 .4 0.6 
T i m e , h o u r s 
0.8 
Figure 4 React ion convers ion versus t ime 
Effect of reaction t ime. T h e kinetics of the reaction 
were measured at a C O partial pressure of 1100 psig 
and an acid/substrate ratio of 2 mol/mol at 25°C 
(Figure 4). For react ion t imes < V2 h, the selectivity to 
p- to lua ldehyde was > 9 0 % with o- to lualdehyde and 
heavier products (di- and t r i to lymethane) as the only 
other products that we observed . For longer reaction 
t imes, the heavier products appear in combined yields 
up to 5 % . When the reaction t ime was 17.5 h, the 
yield of heavier products was 14 .6%; whereas , the 
yield of o + p- to lua ldehyde was 13.9%. The 
appearance of the heavier products was expected since 
O l a h 4 6 and co-workers observed these products when 
toluene was mixed with p - to lua ldehyde in the presence 
of triflic acid at room temperature . 
W e at tempted to fit the toluene conversion 
data using irreversible, first-order kinetics (Fig. 5) . These data could be fit using only first-order kinetics 
during the first Vi h of reaction, but the data appeared to depart from first order behavior when the reaction 
t ime was greater than V2 h. T h e departure from first-order kinetics coincided with the consumpt ion of p -
tolualdehyde by a secondary reaction to form di- and tr i tolymethane (Figure 3). This result suggests that 
the reaction sequence is more complicated than what can be modeled by s imple , first-order kinetics. Olah 
showed that p - to lua ldehyde can react with toluene in triflic acid to form di-and t n - t o l y m e t h a n e . 4 6 This 
reaction will consume p- to lua ldehyde and we expect that the concentrat ion of the a ldehyde should pass 
through a max imum, as we observe. The rate to consume toluene by these two sequential reactions 
apparently s lows as d i to lymethane is formed and as the concentra t ions of both to luene and p- to lua ldehyde 
fall. Thus , the apparent order changes as the reaction proceeds to form the di- and tr i - tolymethanes. 
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_L5_ 
Figure 5 Fit of To luene Convers ion data to a 
Firs t-Order Plot 
Tempera ture effects. W e studied the effect of reaction 
temperature in separate tests at 2, 25 , and 50°C at a 
constant acid/substrate ratio of 2 mol/mol and for a 
reaction t ime of ^ h at a C O partial pressure of 1100 
psig. These results are shown in Table 2 . Increasing 
the temperature from 2 to 50°C resulted in an increase 
in conversion with an op t imum yield of p- tolualdehyde 
at 25°C (18 .5%) . Apparent ly , increased reaction 
temperatures favor the formation of the heavier 
products at the expense of to lualdehyde. 
2 5 
2 0 
15 
g 1 0 
Reactivi ty of toluene carbonylat ion reaction in 
mixtures of triflic acid and base. W e examined the 
room tempera ture reactivity of the toluene 
carbonylat ion reaction in a mixture of triflic acid and 
a base, with the base being either water or p -
tolualdehyde (Figure 6). The initial starting mixture 
contained 2 moles of triflic acid, 1 mol of toluene and 
x moles of added base, either water or p -
tolualdehyde. The total pressure was 150 psig after 
the C O was added and the room-tempera ture , 
reaction was s topped after Vi h. At these condit ions, 
toluene is only partly soluble in triflic acid when no 
p- to lua ldehyde was added. 
However , when the mole fraction of p -
tolualdehyde was 0 . 1 , all of the toluene was soluble 
in the initial mixture of triflic acid, but the reaction 
mixture was inactive when this much p- to lua ldehyde 
had been added. When the initial mixture contained 
5 m o l % p- to lua ldehyde , the convers ion of toluene was between 8 and 15% in replicate tests. 
m 
• w ater 
• p-tolualdehyde 
• 
m 
-= w — 
• 
4 < 
1 0 2 0 3 0 
m o l e % b a s e i n a c i d 
4 0 
Figure 6 Toluene reactivity in triflic acid and 
added base 
Mixtures of water and triflic acid formed the hemi-hydrate and monohydra te which are both solids 
at room temperature and are totally unreact ive towards the carbonylat ion reaction. Systemat ic decreases in 
the toluene convers ion after Vi h was noted for increasing amounts of water initially from 2 mol% to 28 
mol% (Fig. 6). T h e effect of adding the base water to the reactivity of the system was different from that of 
adding p- to lua ldehyde , perhaps as a result of increased toluene solubility for small incremental amounts of 
p- to lua ldehyde . The " le tha l" dose of p - to lua ldehyde was 10 mol% whereas the lethal dose of adding water 
was 3 3 % . This result appears to be contra-intuit ive from a considerat ion of the enthalpy of mixing data 
where the heat of mixing of water with the acid is much higher than the heat of mixing of the a ldehyde with 
the acid. Molecular model ing of the respective acid/base adducts may shed light on this issue. 
T a b l e 2 E f f e c t o f R e a c t i o n T e m p e r a t u r e 
Tempera ture , °C Convers ion, % Yield, % 
p- to lua ldehyde 
2 12.0 9.5 
25 19.8 18.5 
50 25.2 15.2 
Effect of acid/substrate ratio.. It has been demonstra ted that increasing the acid/substrate ratio produced a 
beneficial effect upon yields of other hydrocarbon convers ions . W e examined this effect in separate tests 
for which we increased the acid/substrate ratio from 1-14 mol /mol when all o ther reaction condi t ions were 
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held constant: tempera ture = 25°C, reaction t ime = Vi h, C O partial pressure = 1100 psig. The data of 
toluene convers ion and yield of p- to lua ldehyde appear to correlate with the molar ratio of acid/substrate 
(Figure 7) . These data showed that the convers ion and yield increased with increasing acid/substrate ratio 
and that high convers ion of the toluene was possible ( 
acid/substrate ratio was >10 . Moreover , the reaction was 
selective to the para isomer ( - 9 4 % p-, 0 .4% m-, and 5 .5% 
o-tolualdehyde) at high acid/substrate molar ratios (10-
14). 
Data for acid/substrate ratios < 6 form a line for 
which the convers ion appears to be 1/10™ the value of 
the acid/substrate ratio. W e may interpret these results by 
assuming that one mole of acid is required to protonate 
one mole of C O molecules to make the formyl cations. 
These cations attach to one mole of toluene to form the 
tolualdehyde carbocat ion. The remaining acid molecules 
are used to stabilize the to lualdehyde carbocat ions and to 
protonate the unreacted toluene so that the unfavorable 
side reactions do not occur between [H- to luene ] + and the 
tolualdehyde carbocat ion. W e speculate that the excess 
acid prevents the formation of di- and tr i - tolymethane. 
Data at the high convers ion do not fall along the line as a 
result of mass transport l imitations on C O solubility in the 
liquid and/or as a result of reaction kinetics limiting the 
reaction rate at these high toluene convers ions . 
at rather short reaction t imes, Vi h, when the 
Figure 7 Effect of acid/substrate ratio on 
conversion 
The response of this system was similar to that observed by Lin and M a c C a u l a y 4 7 for the 
isomerization of t r imethylbenzenes at 100°C in excess H F (7 mol HF/mol substrate) and for which the 
amount of B F 3 was varied. When the BF 3 / subs t ra te ratio was less than unity, the mesi ty lene content 
increased linearly with increasing amount of B F 3 , and when the BF 3 / subs t ra te ratio was greater than unity, 
the mesi tylene yield was 100%. They attributed the high yields of mesi ty lene to the super acidity of a 
mixture of B F 3 with H F which stabilized the BF 3 /HF/mes i ty lene complexes . Similar results were reported 
for the isomerizat ion of xylenes and te t ramethylbezenes in excess supe rac id . 4 8 In these studies, the meta 
isomer was favored at high acid/substrate ratios. O l a h 4 8 reported similar results for the isomerizat ion of di-
wopropylbenzene in excess super acid (either H F or triflic acid). Our recent w o r k 4 9 described how high 
acid/substrate ratios, 20-50 mol /mol , favored the isomerizat ion of d imethylbiphenyl to the meta isomers (/. 
e., 3,3'- and 3,4 ' -dimethylbiphenyl) in preference to the other four isomers. T h e present data showed high 
yields of p - to lua ldehyde at high acid/substrate and we suggest that the high yield/selectivity to the p -
tolualdehyde could be attributed to the formation of a stable HOTf/p- to lua ldehyde complex or some 
intermediate that leads ult imately to p- to lua ldehyde. 
Effect of substi tution on the ring. W e carbonylated p -xy lene , 1,3,5-tr imethylbenzene, and 1,2,4-
t r imethylbenzene in triflic acid (10 mol acid/mol substrate) at room tempera ture for 30 minutes using 
pressurized C O at 1100 psig. The purpose of these tests was to de termine the effect of ring substi tution on 
the reaction rates and the selectivity of the carbonylat ion. The results are summar ized in Tab le 3 . 
When the substrate was toluene, two products were observed: p - to lua ldehyde and o-tolualdehyde. 
The regioselectivity to the p a r a - i s o m e r was 9 4 % and the remaining was the ortho i somer (5%) with only a 
small amount of the m-isomer (0 .5%) , and the conversion of toluene was 9 9 % . 
The effect of adding a second methyl group to the ring was investigated by using p -xy lene as the 
substrate. At room temperature , where all of the ingredients were added together and reacted for Vi h, only 
two major products were observed: 2 ,5-d imethylbenzaldehyde , selectivity = 9 7 % and 2,4-
dimethylbenza ldehyde , selectivity = 3 % . These results suggest that the isomerizat ion reaction was slow 
compared to the carbonylat ion reaction at room temperature . A fol low-up reaction was comple ted in which 
all of the same reagents were present initially but the vessel was not pressurized with C O . The result of this 
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exper iment showed that very little of the / w o x y l e n e was isomerized at room tempera ture in Vi h of 
reaction t ime. However , McCau lay and L i e n 4 7 showed that all p -xy lene was isomerized to m-xylene at the 
higher temperature of 80 °C and Vz h, so that elevated reaction temperatures are necessary to affect the 
isomerization of the xylenes in HOTf. 
W e examined further the effect of adding methyl groups to the ring by comple t ing two runs using 
the fol lowing two substrates: 1,3,5-trimethylbenzene and 1,2,4-tr imethylbenzene. Only a single one 
regioisomer was formed using mesi tylene as the substrate: 2 ,4 ,6- t r imethylbenzaldehyde with a small 
amount of another product having a m/e = 202 . T h e conversion of the mesi ty lene was 7 1 % in this test. 
When the reactant was 1,2,4-trimethylbenzene, the convers ion was 9 9 % and two products were found: 
2 ,3 ,5- t r imethylbenzaldehyde ( 9 4 % selectivity) and 2 ,4 ,6- t r imethylbenzaldehyde ( 6 % selectivity). 
Apparent ly, a small portion of the substrate isomerized during the reaction. It is surpris ing that the 
reactivity of the mesi tylene was lower than that observed for the 1,2,4-tr imethylbenzene ( 7 1 % conversion 
vs. 99%) and that the convers ion of p -xy lene was lower than that for toluene ( 8 2 % vs. 9 9 % for toluene). 
W e have found that mesi tylene, when added as a solvent, complete ly inhibited the acid-catalyzed 
isomerization of d imethylbiphenyl (dmbp) and that p -xy lene , when added as a solvent , significantly slowed 
the isomerizat ion r a t e . 4 9 Apparent ly , these two substituted arenes, p -xy lene and mesi tylene, inhibited the 
dmbp isomerizat ion react ion; perhaps , by combin ing with H O T f to form stable carbocat ions and thus lower 
the overall acidity of the system. 
T a b l e 3 S e l e c t i v i t i e s / C o n v e r s i o n f o r C a r b o n y l a t i o n o f S u b s t i t u t e d B e n z e n e s a t 2 9 8 K 
Substrate Products 
R1 O R1 
R l R2 R3 R 4 R 5 Convers ion Selectivity 
H H M e H H 9 9 9 4 ( R 3 = M e ) ; 5 ( R l = M e ) 
M e H H M e H 
M e H M e H M e 
8 2 9 7 ( R l = R 4 = M e ) ; 3 ( R l = R 3 = M e ) 
7 1 1 0 0 ( R l = R 3 = R 5 = M e ) . 
Me Me H M e H 99 94 ( R l = R 2 = R 4 = M e ) 6 ( R l = R 3 = R 5 = M e ) 
Pred ic t ions—Entha lpy of mixing of H O T f binary mixtures. W e at tempted to model the enthalpy of mixing 
using A M I to de termine the enthalpy of formation for the pure componen t s and for the mixtures that had 
been subjected to energy minimizat ion to obtain the op t imum geometry . T h e r m o d y n a m i c principles were 
used to express the heat of mixing in terms of measured temperature rise in the calor imeter and the heat 
capacit ies of the componen t s of the mixture. Consider the definition of the heat of mixing for a non-ideal 
mixture: 
AH mixture = SAH j + AH mixing 
where, AH° m ix ture = enthalpy of the entire mixture, 
AH°i = enthalpy of pure componen t i 
A H °mix in g = heat of mixing for this mixture 
The quan tum mechanics programs predict the properties of the species as an isolated molecule and 
thus will not model solvent interactions. W e may include this considerat ion by model ing ensembles of the 
species so as to es t imate the enthalpies of these interactions. Consider the data in table 4 where we show 
the enthalpy of formation for to lualdehyde, water or triflic acid molecules in ensembles number ing from 1 
to 12 molecules . Not ice how the enthalpy of formation for the isolated molecules is less negat ive than that 
predicted for the same molecule when surrounded by like neighbors . That is, the s tandard state, enthalpy of 
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formation for water as an ideal gas molecule is est imated to be -59.24 kcal /mol; whereas , the reported 
enthalpy of formation for gaseous water at 298 K is -57.796 k c a l / m o l . 5 0 For larger ensembles of water, the 
A M I software predicts more negative, enthalpies of formation up to a value of -67.34 kcal /mol . T h e heat 
of formation of liquid water at this condit ion is -68.32 kca l /mo l . 5 0 T h e increased negat ive , enthalpy of 
formation is due to solvent effects that appear to be modeled by A M I . 
T a b l e 4 E n t h a l p y o f f o r m a t i o n f o r e n s e m b l e s o f p u r e c o m p o u n d s , k c a l / m o l 
n 1 2 3 4 5 8 10 12 
water -59.24 -61.74 -64.01 -65.22 -65.72 -66.47 -66.88 -67.34 
p- to lua ldehyde -16.77 -17.53 -18.24 -18.63 
triflic acid -258.17 -264.27 -265.15 -268.90 -272.37 
W e will use these data to predict the heats of formation of the pure componen t s as l iquids before they are 
mixed. Next , consider how one might account for these solvent effects by hydrogen bonding in the liquid. 
The equi l ibr ium geometr ies for ensembles of triflic acid are shown in Figure 8 for ensembles number ing 2, 
3 and 5 molecules . Not ice how the molecules are arranged in different equi l ibr ium geometr ies as the 
number in the ensemble increases. W e conjecture that the properties of an ensemble of an infinite size (/. 
e., the liquid) can be est imated from the propert ies of a much smaller size by a proper extrapolation. 
Consider , a plot of the data from Table 4 which examines the behavior of the inverse heat of mixing versus 
the inverse of the ensemble size, 1/n. A liquid would be modeled by n -> oo or 1/n -> 0, so that the heat of 
mixing for the liquid would be the value of enthalpy of the pure componen t is shown by the intercept 
(Figure 9). F rom these data, we est imate that the enthalpy of pure , liquid to lua ldehyde is 19.49 kcal/mol 
and that of pure, liquid triflic acid is -269 kcal /mol; whereas liquid water is predicted to have AH° f = -67.3 
kcal/mol. 
Figure 8 Molecular models of 2, 3, and 5 triflic acid molecules . 
Hydrogen bonding showed by arrows 
W e can compare these predict ions with literature data for the the rmodynamic propert ies of pure 
compounds . For liquid water, the observed heat of formation is -68.32 kcal /mol ; whereas , we predicted it 
to be -67.51 kcal/mol by extrapolat ing from calculated heats of formation for ensembles number ing 2, 3, 4, 
5 8, and 12 molecules . If we include ensembles having only 4, 8, and 12 water molecules , the estimated 
AH f° = -68.21 kcal/mol which is 0.11 kcal/mol less than the literature value. 
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N o w it may be possible to predict the heats 
of mixing for the water/ tnfl ic acid system and for p -
tolualdehyde/trifl ic acid sys tem (Figure 10). The 
predicted heats of mixing were within 1-2 kcal/mol 
acid of the observed heats of mixing for both water 
and /?-tolualdehyde. S o m e commen t s are 
appropriate in descr ib ing the method used to 
est imate the heats of mixing. T h e semi-empirical 
quantum mechanics program AM-1 was used to 
est imate the heats of formation for each of the pure 
components in the mixture . W e used this program to 
calculate the heat of formation of the pure 
component sub-ensembles as well as the mixture 
forming the larger ensemble of this mixture. Then, 
the heat of mixing was est imated as the difference 
between the heat of formation for the mixture 
ensemble and the heats of formation of the sub-
ensemble , pure componen t s . As an example , consider a mixture conta ining m base molecules and n triflic 
- 0 . 0 1 
- 0 . 0 2 
;y =-1E-Q8x.-0.0V59 
1 / n 
Figure 9 Heats of formation versus ensemble 
number 
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Figure 1 0 Predicted and observed heats of mixing (kcal/mol acid) for p-tolualdehyde (left) & water (right) 
acid molecules . The heat of mixing for this ensemble of (n+m) molecules per mol of acid is 
A H 0 m i x j n g = [ A H 0 m i x t u i e ( n + m m o l e c u l e s ) - n A H ° a c i d ( n acid molecules) - m A H ° b a s e ( m base molecules)] /(n) 
where AH°j = enthalpy of formation of species i per mole of species i. 
Inordinately high heats of mixing result from using the enthalpies of formation for the isolated, pure 
component . Thus , the present method appears to calculate the observed heats of mixing to an accuracy of 
1-2 kcal/mol which is the accuracy of the experimental data (vide supra). 
W e also used this method to predict the heats of mixing for the triflic acid methyl pyrrol idine 
system (Figure 11). Es t imates for the heats of mixing were comple ted as a function of base/acid ratio 
(moles/mol) for several different ensemble sizes at a fixed value of base/acid ratio. For example , consider 
how we modeled the liquid having an acid/base ratio of 1/1 where we used ensembles having either 1 
molecule of M P y and one molecule of triflic acid (1/1), 2 molecules of M P y and 2 molecules of acid (3/3), 
or finally 3 molecules of M P y and 3 molecules of acid (3/3). The est imates of the heat of mixing depended 
upon the size of the ensemble used to model the sys tem with the largest ensemble showing the highest heat 
of mixing. This approach was also used to es t imate the heat of mixing for base/acid ratios of Vi and 2 /1 . 
As before, the highest heat of mix ing was est imated from the ensemble having the larger number of 
molecules . W e have placed a trend line through the predict ions without those values calculated for the 
following ensembles : (1/5), (1/2), (2/2), (1/1) and (3/3). T h e est imates fit by the trend line were 1-3 
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kcal/mol less than the values observed at the same ratio of base/acid. T h e predicted trend is for increased 
values for the heats of mixing, kcal/mol acid, for 
increasing base/acid ratio at a fixed amount of acid. 
Apparent ly, the predict ions from small ensembles 
are less accurate than those developed from larger 
ensembles at any base/acid ratio. This conclusion 
suggests that the A M I calculat ion does not 
accurately predict interactions well and that some 
added calculat ions were necessary to s imulate well 
the solvent effects. In these calculat ions we 
simulated solvent effects by recalculat ing the 
properties of the fluid using the same base acid ratio 
but using larger ensembles of the mixture. The 
weakness of this approach is that the proper 
ensemble size is not apparent a priori. 
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Figure 11 Enthalpies of Mix ing for M P y - H O T f 
Mode l ing the dry ing of triflic acid by MPy. 
H o m m e l t o f t 4 5 reported the Ha ldor -Topsoe process 
for drying triflic acid using the base, methyl 
pyrrolidine. At s teady state, the wet acid [HOTf 
n ( H 2 0 ) ] is contacted with the monoacid salt of 
methyl pyrrol idine [MPy (HOTf)] to give the 
intermediate product which is then distilled under 
vacuum For the purpose of model ing by quantum 
mechanics , we let n = 1 as the model for the wet acid 
Thus , the process s toichiometry is given by 
H O T f - H 2 0 (s) + H O T f - M P y (liq) ~> ( H O T f ) 2 - H 2 0 -
M P y (liq); AH°i = 6.80 kcal/mol 
( H O T f ) 2 - H 2 0 - M P y (liq) H 2 0 (g) + ( H O T f ) 2 - M P y (liq); A H ° 2 = -6.58 kcal /mol 
( H O T f ) 2 - M P y (liq) H O T f (g) + H O T f - M P y (liq); AH° 3 = 1 1 . 1 3 kcal/mol 
The enthalpies for each stoichiometric step were est imated from the enthalpies of formation of the species 
shown in Fig. 12. These species were modeled using the M N D O semi-empir ical p rogram to develop the 
optimized geometr ies and also to calculate the enthalpies of formation. The model ing predicts that the 
mixing step is endothermic (6.8 kcal /mol) ; whereas , the vaporization of water from the intermediate 
( H O T f ) 2 - H 2 0 - M P y is exothermic (-6.58 kcal/mol) . T h e last step to p roduce anhydrous H O T f vapors is 
endothermic (11.13 kcal /mol) . 
W e have also reproduced this procedure in our l abora to ry 5 1 and noticed that a small amount of 
heat was evolved when the monohydra te of triflic acid was combined with the M P y - H O T f salt. When this 
liquid was placed under a vacuum of 1 Torr , the system began to "bo i l " to give vapor water which was 
collected in a condenser held at dry ice/acetone temperature . After this vaporizat ion was comple ted , the 
temperature in the still was increased to 90°C to initiate the vaporizat ion of dry triflic acid at 1 Torr 
vacuum. The dry H O T f vapors were collected in another flask thermostat ted at 0°C and this was continued 
until the vaporization s topped. At this point the still contained the salt. H O T f - M P y The M N D O model 
appears to predict, quali tatively, the heat effects that we observe during the drying process using methyl 
pyrrolidine. W e repeated this model ing using the M N D O - o p t i m i z e d geometr ies of all species but used the 
semi-empir ical p rogram AM-1 to est imate the s ingle-point-enthalpies of formation. W e bel ieve that the 
actual enthalpies for each step were bound by these two sets of es t imates . It is appropr ia te to commen t on 
the equi l ibr ium geometr ies de termined for this set of species. The M N D O program gave an intermediate , 
( H O T f ) 2 - H 2 0 - M P y , with a dis tance between the oxygen a tom in the water molecu le and the triflic acid 
proton that was 2 .755 A whereas the other two models (AM-1 and P M 3 ) gave equi l ibr ium geometr ies 
where this dis tance was 2.018 and 1.758 A, respectively. Thus , we bel ieve that the model of this 
intermediate developed from the M N D O program is consistent with our observat ions that water is removed 
from the liquid by a room temperature evacuat ion treatment in that a bond length of 2 .755 A for H 2 0 — 
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HOTf suggests a weak, hydrogen bonding interaction as might be observed in liquid water. Subsequent ly , 
we modeled ensembles of water containing 4 , 6 , and 1 0 molecules using M N D O . The equil ibrium 
geometr ies showed H 2 0 — H 2 0 bond distances of 3 . 2 to 3 . 4 A. This addit ional model ing of water 
ensembles suggest to us that the interactions between H 2 0 and H O T f in the intermediate , ( H O T f ) 2 - H 2 0 -
MPy, are similar to those observed between water molecules in "liquid water" . F r o m such a weak bond, 
one might expect that the water molecules could be removed by evacuat ion at room temperature , which is 
what we observed. 
Pred ic t ions—Entha lpy of mixing for ternary mixtures. W e reported the heats of mixing when mixtures 
containing H O T f and a base were combined: 1 ) HOTf/p- to lauladehyde mixed with water ( - A H m i x j n g = - 3 4 . 5 
kJ/mol acid) and 2 ) H O T f / M P y mixed with HOTf/water ( - A H m i x i n g - - 5 . 8 kJ/mol acid). N o w we attempt to 
model the heat effects using A M I . Consider first the model ing of the first combina t ion ; where we est imate 
the enthalpy of formation for the combinat ion of 1 /?-toluladehyde molecule with 2 triflic acid molecules so 
as to est imate the enthalpy of formation of a liquid containing 1 g-mol of /?-toluladehyde and 2 g-moles of 
HOTf. The A M I program showed an enthalpy of formation = - 5 5 3 . 9 1 kcal /mol . Next , the same software 
was used to es t imate the enthalpy of formation for a mixture containing 4 g-mole of water using as a model 
4 molecules of water ( A H ° f o r m a [ i o n = - 2 6 0 . 8 9 5 kcal /mol) . Finally, the combined mixture was modeled as 2 
molecules of HOTf, 1 molecule of p - to luadehyde , and 4 molecules of water having an enthalpy of 
formation = - 8 2 1 . 8 kcal /mol . The heat of mixing was est imated to be ( - 8 2 1 . 8 + 2 6 0 . 9 + 5 5 3 . 9 ) k c a l / 2 mol 
H O T f = - 7 kca l /2 mol acid = - 3 . 5 kcal/mol acid. The observed heat effect was - 3 4 . 5 kJ/mol acid = - 8 . 2 
kcal/mol acid. Thus , the A M I software underest imated the heat of mixing by a factor of 2 . In subsequent 
at tempts to model the same system, we used larger ensemble sizes (Table 5 ) . 
T a b l e 5 P r e d i c t i o n s o f A H ° f f o r t e r n a r y s y s t e m : p - t o l u a l d e h y d e / t r i f l i c a c i d / w a t e r 
Species a t t o 
i-*** f.predicted kcal/mol acid 
n = l 2 3 CO 
[p - t a l ] n [HOTf ] 2 n 2 7 6 . 9 6 2 8 0 . 1 - 2 8 0 . 0 2 8 1 . 9 
m = 4 8 1 2 CO 
[ H 2 0 ] m 6 5 . 2 2 6 6 . 4 7 6 7 . 3 4 6 8 . 2 1 
n = l / m = 4 2 / 8 3 / 1 2 CO 
r D - t a l U H O T f l , J H o 0 1 m 1 3 6 . 9 7 1 4 1 . 2 7 1 4 0 . 6 4 1 4 3 . 5 1 
A H 0 
a n
 mixing, predicted 
3 . 5 0 1 0 . 8 1 7 . 2 7 1 2 . 1 9 
1 9 
Figure 12 M P y - H O T f salt is added to the monohydra te of triflic acid to yield M P y - ( H O T f ) 2 " w a t e r . 
Mode led by the M N D O semi-empir ical program. 
The actual enthalpy of mixing for this system was -34.5 kJ/mol acid = -8.2 kcal/mol acid. Notice 
that our est imates for this heat of mixing depended upon the ensemble size and these values range from -3.5 
kcal/mol for the smallest ensemble size up to a value of -10.8 kcal/mol for the ensemble containing 2 p-tal 
molecules , 4 H O T f molecules and 8 water molecules . The value for the enthalpy of mixing was -12.19 
kcal /mole acid derived from an extrapolat ion of these es t imates to predict the propert ies of an ensemble of 
infinite size, which is 4 kcal /mol acid greater than the observed value. On the other hand, we notice that 
the values of the enthalpies of formation for the mixture of p - t a l /HOTf actually decreased slightly (0.1 
kcal/mol acid) for increasing the ensemble size from n = 2 to n = 3. T h e same c o m m e n t can be made for 
the result ing mixture of p- ta l /HOTf/water where the enthalpy of formation decreased from -141.3 to -140.6 
kcal /mole acid when the ensemble size increased from (n=2) / (m=8) to (n=3) / (m=12) . These trends suggest 
to us an alternative way to extrapolate the data in which we average the values of the heat of formation for 
the largest two ensemble size. By this method, we est imate a heat of mixing of -6.4 kcal/mol acid which is 
only 1.8 kcal/mol different from the observed heat of mixing. Whi le none of these est imates correctly 
predicted the observed heat of mixing, the est imates were surprising close to the observed values given the 
low level model ing used in es t imat ing the enthalpies of formation. 
W e at tempted to use this method to model the combinat ion of H O T f / M P y with HOTf/water . The 
mixture containing 1.5 g-mol of H O T f and 1 g-mol of M P y was modeled by 3 molecules of H O T f and 2 
molecules of water. T h e resulting enthalpy of formation was -817.59 kcal /mol . T h e HOTf/water mixture 
was modeled by using 1 molecule of H O T f with 2 molecules of water to show an enthalpy of formation = -
392.392 kcal/mol. This value will be doubled when used to determine the enthalpy of mixing because the 
model for HOTf /MPy used twice the number of moles of reagent to create model (i. e., 3 molecules of 
HOTf and 2 molecules of M P y to model a mixture containing 1.5 g-mol of H O T f and 1 g-mol of MPy) . 
The resultant liquid mixture was modeled using 5 molecules of HOTf, 2 molecules of MPy , and 4 
molecules of water to show an enthalpy of formation = -1622.4 kcal /mol. T h e heat of mixing was 
determined as fol lows: [-1622.4 + 817.59 + 2(392.392)] kcal/5 mol acid = -20.03 kcal/5 moles acid = -4 
kcal /mole of acid. T h e observed heat effect was -5.8 kJ/mol acid = -1.4 kcal /mol acid. In this case, the 
A M I model overpredicted the heat of mixing by a factor of 3. W e did not at tempt to predict the properties 
for larger multiples of this system as the number of electrons was very large even for these ensembles . 
P red i c t i ons -Reac t ions . W e at tempted to model the carbonylat ion of substrate in super acid using a method 
that proved fruitful for an i somer iza t ion . 4 9 By this method, we simulated the isomerizat ion reaction by a 
sequence of reaction followed by equil ibrat ion of carbocat ions. These results showed that toluene can be 
protonated in super acid solution, and that other methyl-subst i tuted arenes will i somerize in super acids but 
arenes substituted with electron wi thdrawing groups (e. g., a ldehyde, ester) were not isomerized. 
Moreover , we were able to predict well the regioselectivi ty of the isomerizat ions by assuming that the free 
energies of the carbocat ions determined the product distribution. 
The direct interaction between C O and toluene is thermodynamica l ly unfavored, but there are two different 
possible pa thways that lead to the insertion of C O into the aromatic C-H bond, when either the arene or the 
CO is protonated. T h e convent ional mechanism of the Ga t te rmann-Koch formulat ion in superacidic media 
have been extensively investigated by Olah et al.46 and other g r o u p s , 4 7 and the proposed reaction 
mechanism is illustrated in eq. 8-9: 
C O + H + ± ; H C O + Eq. (8) 
H C O + + ArH ±5 [ A r H H C O + ] -» [ A r H C ( H ) 0 + ] - A r C O H + H + Eq . (9) 
Ti -complex a -complex 
In this reaction pa thway the formation and the attack of the electrophile are separate steps. The 
diprotonated, protoformyl dication H C O H 2 + was also suggested as the act ive s p e c i e s . 5 2 
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An alternative mechanism, the intracomplex reaction, suggests that the formation of the electrophile H C O + 
occurs within the complex of proelectrophile and protonated aromatic c o m p o u n d s , 1 3 eq. 10-11: 
ArH + H + ^ A r H 2 + Eq. (10) 
A r H 2 + + C O - > [ A r H 2 + C O ] ^ [ A r H C ( H ) 0 + ] - * [ A r H C ( H ) 0 + ] - A r C O H + H + 
n-complex 7 t -complex rj-complex Eq. (11) 
The mechanisms differ by the way they orchestrate the regioselectivity of the reaction. In the case of the 
intracomplex reaction, the regioselectivi ty can be heavily influenced by the stability of the protonated arene 
isomer. The logical extension of this concept , is that certain regioisomers of the products are selectively 
excluded from the product slate when the free energy of the corresponding protonated arene isomer is much 
higher than the free energies of the other, protonated arene isomers. 
W e at tempted to understand the selectivity of the process by model ing a pseudo-transi t ion state of 
this reaction, which is a transition state that corresponds to the formation of a complex (eq. 8-9 and 10-11) 
from already formed reactant cationic species ( A r H 2 + or H C O + ) . This approach a l lows us a closer look the 
species that can be accountable for the regioselectivity of the formylation reaction. T h e geometr ies of these 
states ( scheme 1) were obtained by the built-in module in Titan software. 
I n t r a c o m p l e x reac t i on 
C o n v e n t i o n a l reac t i on 
The results are summarized in the table 6. 
Table 6 Est imates of transit ion state energies 
Reactants E # , kcal/mol 
0 - T o l H 2 + + C O 71 .6 
m - T o l H 2 + + C O -5.9 
/ ? -To lH 2 + + C O -3.4 
o-Tol + H C O ' -51.5 
m - T o l 4 - H C O + -52.7 
p-Tol + H C O + -53.1 
These predict ions suggest that the formation of pseudo-transi t ion state, starting with the protonated arene 
and C O , is thermodynamica l ly favorable in all cases except with protonated o- toluene, where the barrier is 
too high (71.6 kcal /mol) . On the other hand, all transition states appear equal ly favored when starting with 
arene and protonated C O . Consequent ly , it seems likely that o- tolualdehyde is formed by the conventional 
mechanism. These predict ions also show very little discr iminat ion a m o n g the isomers of to lualdehyde by 
the convent ional process (protonated CO) . It is also evident that high regioselect ivi ty of the carbonylat ion 
process cannot be explained only by considerat ion of that pseudo-transi t ion state formation since both the 
m- and p - i somer are equally favored by the transition state or iginat ing from the in t racomplex reaction. 
In that respect we examined other species that in theory may isomerize in super acid and affect the 
tolualdehyde isomers distribution. Not ice that in the conventional reaction pa thway (eq. 8-9) the only 
species that may determine the distribution of the final product is the protonated to lualdehydes and their 
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free energy will de termine the product slate. When taking into the considerat ion int racomplex reaction 
mechanism (eq. 10-11), in addition the free energy of protonated toluene isomers must be accounted for. 
These two reaction schemes involve a type of convers ion process in which the relative energies among the 
regioisomers of the carbocat ions are the governing considerat ion. Such regio compar i sons belong to a class 
of reactions known as isodesmic react ions (i. e., conformation changes) . It has been noted that Hartree-
Fock, H-F , models do a better j o b of describing these react ions than the electron correlat ion models (DFT 
and L M P 2 ) . 
W e at tempted to use this strategy here to predict the carbonylat ion of toluene in super acid. The 
results are shown in Tab le 6. The results are listed for six methods of predict ion ranging from the 
approximate A M - 1 , semi-empir ical method; the Hart ree-Fock method using the 6 -31G** basis set for the 
orbitals; the B 3 L Y P / 6 - 3 1 G * * ; L M P 2 / 6 - 3 1 G * * ; and L M P 2 / c c - p V T Z (for the later the heat of formation 
was addit ionally calculated by S P E methods using resulted equil ibr ium geometry configurat ion) . The first 
set of calculat ions, in co lumns 2-4, assume that the protonat ion of the toluene is the carbocation 
equil ibrium that defines the product distribution ( scheme 1); whereas the second set of calculat ions, 
columns 5-7, assumes that the protonated tolualdehyde equil ibr ium sets the product distribution ( scheme 2) . 
The actual results for this carbonylat ion were o/m/p = 5 .5/0 .5/94%. T h e predict ions of p roduc t s ' isomer 
distribution based upon the protonated to lualdehyde equi l ibr ium (scheme 2) do not agree with the observed 
results in that the meta - i somer appears in amounts from 1-9% with only small amoun t s of the o-isomer. If 
we turn to the results predicted for the protonated toluene as the defining equi l ibr ium, then the Hartree-
Fock and the S P E calculat ions appear to model well the results that we observed. All of the models confirm 
that the scheme involving the protonat ion of the to lualdehyde isomers is not an acceptable description of 
the reaction pa thway leading to the actual isomers distr ibution. This conclusion is also confirmed by the 
experimental result that p - to lua ldehyde cannot be isomerized in neat triflic acid at room tempera tu re . 5 4 
Thus , we are left with eq. 10-11 as one acceptable mechan i sm for predict ing the regioselectivity of 
the carbonylat ion. These predict ions show that the most stable carbocat ion is the p a r a - i s o m e r followed by 
the ortho. T h e meta- i somer is predicted to be present in minor amounts by all of the models . Thus , one 
might expect that very little m- to lua ldehyde would be formed if the mechan ism involved the intracomplex 
reaction. On the other hand, if the classical mechanism were operat ive, then the protonated C O should 
attack the ring of the neutral arene at any posit ion which would lead to a protonated a ldehyde complex . The 
stabilities of these protonated a ldehyde complexes , shown in Table 7, suggest that some m-tolualdehyde 
should come out of the transition state. 
Table 7 Predicted product distributions for carbonylat ion of toluene in super acid 
Prediction protonated toluene protonated tolualdehyde 
Methods % ortho % ineta % para % ortho % ineta % para 
AM-1 25.53 0.10 74.38 4.11 4.24 91.65 
HF/6-31G** 5.83 0.00 94.17 0.49 1.22 98.29 
B31YP/6-31G' 17 80 0.Q4 M 15 0.5! 2.98 96.51 
LMP2 /6 -31G* 15.83 0.10 84.07 0 7 9 .8-80 90 40 
LMP2/ce-pVTZ 12.27 0.07 87.67 0.70 6.05 93.25 
SPE AH f 6.46 0.04 93.50 1.55 2.26 96.19 
Experimental 5.5 0.5 94.0 
W e reported e v i d e n c e 5 5 from ' H - N M R and mass spectrometry that to luene exchanged D for H 
when perdeuterated toluene was mixed with the proton-form of triflic acid at room tempera ture after 2 h of 
mixing; however , no D-H exchange was observed between perdeuterated toluene and the proton-form of a 
weaker acid: trifluoroacetic acid. These H-D exchange results confirm that the protonated carbocat ions of 
toluene were formed in the presence of a strong acid such as triflic acid. Thus , we now examine the 
predict ions based on eq. 1 and find that the H - F and S P E methods predict well the regioselect ivi ty of the 
carbonylat ion reaction. This result is not unexpected since the equil ibrat ion reaction between protonated, 
toluene isomers is an isodesmic reaction that should be predicted well by the H - F method. 
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Discussion 
Physical propert ies. To luene is only partially soluble in triflic acid (Figure 1, solubili ty limit = 27 mol%) 
and therefore large excesses of triflic acid is required to complete ly solubil ize toluene. This partial 
solubility of toluene in triflic acid would be of impor tance for the commerc ia l pract ice of this science. W e 
found that the to luene solubili ty in the acid could be improved if a small amount of the product, 
tolualdehyde, was used as a co-solvent . W h e n p - to lua ldehyde was added in as little as 12 m o l % in the 
triflic acid, the toluene became miscible (Figure 1). Whi le this approach may seem an appeal ing alternative 
to using large excesses of triflic acid, to lualdehyde is a "po i son" to the triflic acid in that it forms an adduct 
with the acid. T h e carbonylat ion reaction is comple te ly inhibited when p - to lua ldehyde is added to the acid 
in as little as 10 mol % (Figure 6). 
When the reaction has gone to complet ion, water is added to 1) stop the reaction and 2) assist in 
separating the product from the triflic acid. T h e min imum amount of water needed to free the aldehyde 
from the acid was 13 mol of water per mol of acid initially present in the product mixture. This very large 
amount of water needed to free the product presents a real chal lenge to the commerc ia l implementat ion of 
this technology since the reaction mixture also contains large excesses of triflic acid ( - 1 0 mol acid/mol 
substrate) in order to produce high convers ions . This high requirement for water to "break" the 
acid/aldehyde complex can be unders tood better when one considers the phase d iagram for forming the 
triflic ac id /hydra tes . 5 6 Water forms a sequence of hydrates with triflic acid (HOTf n H 2 0 ; n = ¥2, 1, 2, 4, 
and 5) at room temperature which also forms solut ions with excess water. S o m e of these hydrates are solid 
at room temperature (e. g., hemihydrate , hydrate, etc). The resulting " w e t " triflic acid is unreact ive for 
further carbonylat ion reaction if the mole fraction of water is greater than 1/3 (Figure 6). The "we t" acid 
can be regenerated by removing the water either by vacuum dis t i l la t ion 5 7 or with the use of a tertiary amine 
drying a g e n t . 4 5 T h e patented process for drying triflic acid involves the contact ing of the "we t " acid with 
the complex of methyl pyrrol idine and H O T f to yield another complex of the acid and the dihydrate of the 
methyl pyrrol idine. This complex is then heated to decompose it leaving water vapor and a liquid 
containing the acid and methyl pyrrolidine. This liquid is heated further to yield a dry triflic acid vapor and 
the H O T f / M P y complex which may be recycled to dry more " w e t " acid. These processes all show excess 
heats of mixing and thus, we reported the enthalpy changes which at tended the mix ing of certain binary and 
ternary mixtures so that es t imates of heat loads on the commerc ia l mixing devices could be developed for 
design considerat ions . 
Heats of mixing were est imated from the temperature rise in a batch calor imeter of a s imple design 
constructed from P y r e x ™ glass. It was of interest to us to know the heat liberated upon adding water to 
pure triflic acid as a means of est imating the amount of heat that might be produced upon adding water to 
the product mixture. W e est imated that 40-50 kJ ( - 1 0 kcal) of heat were liberated for every mole of acid 
present when as little as 1-2 moles of water is added. W h e n p- to lua ldehyde was added to pure triflic acid, 
the heat of mixing was lower than that found for water (23-32 kJ/mol acid, - 7 kcal /mol acid). Thus , one 
might expect that water could displace the a ldehyde from triflic acid and thus free it. F rom the thermal 
chemistry alone, our results also suggest that the heats of mix ing for methyl pyrrol idine , tetrahydrofuran 
(THF) , and acetonitr i le with the acid were all very similar ( - 4 5 kJ/mol acid) . Further work will be needed 
to show that T H F and acetonitr i le can function as drying agents for wet triflic acid. 
It was of cons iderable interest to us to model the heat effects upon mixing using s imple , semi-
empirical quan tum mechanics programs. The approach is straight forward in that the quan tum mechanics 
software calculates the enthalpy of formation of the species at 298 K. However , the software completes 
these calculat ions for the " iso la ted" species meaning that solvent effects must be modeled by proper choice 
of the ensemble size. S ince the heat of mixing arises largely from molecular interactions between the 
species, the modeler must consider a proper way to represent the liquid mixtures . W e chose to calculate the 
enthalpy for ensembles of different sizes and then to extrapolate these results to predict the enthalpy of 
formation for an ensemble of infinite size so as to model the propert ies of the desired species as a liquid. 
As a test case, we modeled the propert ies of water molecules in ensembles ranging from 1-12 molecules 
(Table 4) . The enthalpy of formation for the isolated water molecule (n = 1, AH° f = -59 .24 kcal/mol) was 
nearly the s ame as that for the AH° f for gaseous water (AH° f = -57.8 kcal /mol) . T h e predicted values of the 
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AH° f became larger in a systematic fashion as the ensemble size increased. One method to extrapolate 
these data to predict the propert ies of an ensemble of infinite size is to use a reciprocal plot, where the 
inverse of the AH° f is plotted versus the inverse of the ensemble size, n. The asymptot ic value of AH° f is 
the value of the intercept. This extrapolated value for the heat of formation for water was -67.3 kcal/mol 
when all of the predicted values were used and -68.2 kcal/mol when we used only the predict ions from the 
larger ensembles . T h e literature value for liquid water is 68.32 kcal /mol. Whi le both est imates were close 
to the literature value, the weakness of this approach is in choos ing the proper subset of ensembles to model 
the real system. Whi le our results suggest that the predict ions from larger ensembles seem to produce 
better est imates of the heat of formation for the liquid, it may not be possible to use very large ensembles 
due to the l imitation of comput ing power. Thus , the problem to be solved is choos ing the proper size of 
model for the real sys tem that can be determined from a model of suitable size to compu te the energies. 
W e used this approach to predict the heats of mixing that we reported earlier in this manuscript . 
For each case we used the smallest ensemble sizes to predict the heats of mixing for triflic acid 
with each of the fol lowing bases to form the binary mixture: 1) p - to lua ldehyde and 2) water. W e were able 
to predict the heat of mixing to values within 1-2 kcal/mol acid of the observed values (Figure 10). For 
these two sys tems, it appeared that successful predict ions of the enthalpy of mixing could be achieved with 
the smaller ensembles as models for the liquids. However , such was not the case for model ing the triflic 
acid/methyl pyrrol idine sys tem (Figure 11). The enthalpies of mixing predicted from using models of 
smaller ensembles were much lower than the corresponding values predicted from the larger ensembles . 
Close agreement were found between predicted and observed heats of mixing for the larger ensembles 
only. Again, we can find ensembles that model well the observed heat effect, but it is not obvious how we 
should make this choice of ensemble size a priori. As such, these model ing efforts are better characterized 
as at tempts to correlate data. 
Given the difficulty in choos ing the proper model for these binary mixtures system, our efforts to 
model the ternary mixtures were only modest ly successful. Consider , the ternary system of triflic acid/p-
tolualdehyde/water . This sys tem mimics the neutralization process whereby the aldehyde/acid adduct is 
broken with the addit ion of water. Mode l ing the actual reaction mixture is beyond the capabil i t ies of the 
software in that too many molecules would be required: 1 p- to lua ldehyde , 10 triflic acid, and 130 water 
molecules . Therefore , we compromised with a system containing the reagents in the fol lowing proport ions: 
1 mol p - to lua ldehyde ; 2 mol triflic acid; and 4 mol of water. W e also had collected thermal data for this 
system when a mixture of p - to lua ldehyde /HOTf (1/2 mol) was combined with water (4 mol) to show a heat 
effect of ~ -35 kJ/mol acid. Using models constructed from the smallest ensembles (1 p- to lua ldehyde , 2 
HOTf, and 4 water molecules) , we est imated the heat of mixing to be ~ Vi that of the observed heat of 
mixing (-4 kcal/mol acid versus -8 kcal/mol acid, observed) . W e repeated these efforts with models 
containing 1) 2 p- to lua ldehyde/4 HOTf/8 water molecules and 2) 3 p - to lua ldehyde /6 HOTf/12 water 
molecules. 
Chemical properties. The evidence for direct carbonylat ion of toluene by super acids is compel l ing even 
though the reaction is not favored by the Gibbs free energy of reaction based upon the free energies of the 
neutral reactants and product . W e est imated this free energy of react ion to be +8 kcal/mol when the 
reaction is comple ted at 2 5 ° C . 5 8 This slightly posit ive, free energy of reaction suggests that the reaction 
cannot go to comple t ion if the neutral species are equil ibrated. Therefore , we are left to conclude , along 
with o the r s , 4 6 , 5 9 , 6 0 that the reactants and products are not the only species present and that some other 
species may be present that serve to lower the free energy for its formation. T h e work-up precludes the 
neutral to lualdehydes from reacting backwards through the equil ibr ium because the super acid is converted 
to a weaker acid by the addit ion of water to the reaction mixture. Thus , when consider ing the equil ibr ium, 
one must include protonated species. This macroscopic the rmodynamic calculat ion relates to the 
microscopic details of the mechan i sm insofar that protonated species are certainly present the mechanism. 
For example , it is known that C O is thermodynamical ly- forbidden from direct ion insertion into an aromatic 
C-H bond; however , this restriction may not be operat ing when the species are protonated, either the C O or 
the arene. 
The carbonylat ion of arenes in large excess of triflic acid appears to be a fruitful path to the 
synthesis of arene a ldehydes without the formation of the subsequent reaction products of the substrate with 
24 
the a ldehyde. W e speculated that the large excess of the triflic acid reduced the rate of the bimolecular 
reaction of the a ldehyde with the substrate as a result of a solvent dilution effect . 5 4 T h e products observed 
from the toluene carbonylat ion, o- and p- to lua ldehyde , are expected from a considerat ion of the published 
reaction mechan i sms . 4 The carbonylat ion of p -xy lene produced two major products: 2 ,5-
d imethylbenza ldehyde (97%) and 2, 4 -d imethylbenza ldehyde (3%) . W e did not detect any of the other 
three possible regioisomers (2 ,3 - ; 3,4-; & 3 ,5-dimethylbenzaldehyde) . T h e 2 ,5-d imethylbenza ldehyde is 
the expected product from direct carbonylat ion of p -xylene . The product 2 ,4-d imethylbenza ldehyde could 
occur as the result of isomerizat ion of the substrate followed by carbonylat ion of the m-xylene 
intermediate . This isomerizat ion was reported to occur at 80°C when the super acid mixture H F / B F 3 was 
contacted with a xylene to produce exclusively ra-xylene.47 W e at tempted to isomerize p -xy lene in triflic 
acid at room temperature without much success. Thus , we explain the results of p -xy lene carbonylat ion by 
a model in which isomerizat ion and carbonylat ion of the substrate are in compet i t ion , for which the kinetics 
of each reaction directly influenced by the reaction temperature . At room tempera ture , the carbonylat ion is 
much faster than the isomerizat ion, whereas the converse is true at 80°C. T h e slightly lower reactivity of 
the p -xy lene over the toluene carbonylat ion is reasonable in the light of our earlier results where p-xylene 
slowed the reaction rate of acid-catalyzed isomerizat ion of d imethylbiphenyl when it was used as a solvent. 
W e reasoned that p -xy lene was also easily protonated by the triflic acid and therefore, the solvent p -xy lene 
competed with the substrate, d imethylbiphenyl , for the triflic acid. 
Carbonylat ion of mesi tylene at room temperature showed one major product (2,4,6-
t r imethylbenzaldehyde) . T h e convers ion of the substrate was 7 1 % These results suggest that the substrate 
did not i somerize at the reaction condit ions before the carbonylat ion and this suggest ion is consistent with 
the data of McCau lay and L i e n 4 7 who showed that mesi tylene was the thermodynamica l ly favored product 
in super acid media when the temperature was 100°C. Thus , one would expect no rearrangement of the 
mesi tylene substrate. The lower reactivity of mesi tylene when compared to p -xy lene and toluene is 
consistent with a mechan ism whereby int racomplexes are formed by the arene and the triflic acid. The 
stability of these complexes with the triflic acid obeys the order: 
mes i ty l ene -H + > p - x y l e n e - H + > t o luene -H + 
The most stable carbocat ion is the least reactive towards reaction with the C O ; thus, one predicts the 
following order of reactivity towards arene carbonylat ion: toluene > p -xy lene > mesi tylene. In the case of 
1,2,4-trimethylbenzene, we expect that its stability towards forming a carbocat ion will be less than that 
demonstrated by mesi tylene since stabilization of the charge is more favorable in mesi tylene. 
The kinetics of the toluene carbonylat ion cannot be explained complete ly by a s imple first order 
treatment. T h e product a ldehyde may react further with the substrate to make the d i to lymethane when the 
acid/substrate ratio is low. This second order reaction can be minimized by adding triflic acid as a solvent. 
As the to lualdehyde product accumulates , the rate to form di to lymethane increases as part of the reaction 
sequence: 
toluene + C O tolualdehyde 
tolualdehyde + toluene -> d i to lymethane + H 2 O 
With the formation of d i to lymethane , the reaction rate of toluene convers ion decreases as the triflic acid is 
diluted with water. W e showed earlier, that even small amounts of water (~1 wt%) in triflic acid, 
drastically inhibited the reaction r a t e . 5 0 Thus , we expect that the convers ion rate should decrease with 
increasing convers ion faster than that predicted by s imple first order kinetics. 
Supported triflic acid. Efforts were reported to support triflic acid on silica result ing in a "he terogenized" 
triflic ac id . 6 1 These researchers showed results to suggest that a thermal ly stable material could be 
developed by treating silica gel with triflic acid at 150°C in a closed vessel using Freon 113 as the solvent. 
The result ing solid was act ive for alkylation of isobutene with n-butenes . At tempts were made to 
demonst ra te that the triflic acid could not be leached from the solid. If this material is truly triflic acid 
grafted onto the surface as the authors claim, then it might be an act ive carbonylat ion catalyst. If on the 
other hand, the catalyst is highly dispersed hemi- and monohydra tes of triflic acid, then it will not be active. 
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Perf luoroalkanesulfonic ac ids—Carbony la t ion Agents 
a
" T h e longer perf luoroalkanesulfonic acids are hydroscopic oily liquids. Dist i l lat ion of the acid from a 
mixture of its salt and sulfuric acid gives a hydrated mixture with melt ing points above 100°C. These acids 
show the same general solubilit ies as t r i f luoromethanesulfonic acid, but are insoluble in benzene, heptane, 
carbon tetrachloride, and perfluorinated liquids. All of the higher perf luoroalkanesulfonic acids have been 
prepared by electrochemical f luor ina t ion 2 6 . " 
"The longer-chain acids and their salts, particularly C 8 F 1 7 S 0 3 H and higher, are surface-active agents in 
aqueous media. They reduce the surface tension of water to levels not possible with hydrocarbon 
surfactants. The surfactant C 8 F 1 7 S 0 2 N ( C 2 H 5 ) C H 2 C O O K [2991-5 1-7] lowers the surface tension of water to 
at 0.2 weight p e r c e n t 6 2 and exhibits outs tanding thermal and chemical stabili t ies. The potassium salt of 
perfluorooctanesulfonic acid [2795-39-3] , C 8 F 1 7 S 0 3 K , or perf luoroethylcyclohexanesulfonic acid [335-24-
0] , C 2 F5 - c y c l o - ( C 6 F 1 0 ) -SO3K , can form a stable foam in hostile media such as ch romium trioxide and 
sulfuric acid where convent ional hydrocarbon and sil icone surfactants would be d e s t r o y e d 6 3 . T h e ability of 
these materials to foam concentrated sulfuric acid is utilized to prevent sulfuric acid from aerosol ing into 
the air in industrial si tuations where chrome plating is done . Instead of forming an aerosol , the sulfuric acid 
forms a foam blanket on top of the plating bath. T h e foam derived from C 8 F 1 7 S 0 3 K is generally more 
stable and dense than that derived from C 2 F 5 - c y c l o - ( C 6 F i 0 ) - S O 3 K . As a result these fluorochemical 
surfactants are often used in combinat ion to produce desired wett ing and foaming activity." 
"General ly , derivat ives of the longer-chain perfluoroalkanesulfonic acids have a number of unique surface-
active propert ies and have formed a basis for a number of commerc ia l products . Derivat ives of /V-alkyl 
perf luorooctanesulfonamidoethanol , C 8 F i 7 S 0 2 N ( R ) C H 2 C H 2 O H , and polymers of /V-alkyJ 
perf luorooctanesulfonamidoethyl methacrylate , C 8 F 1 7 S 0 2 N ( R ) C H 2 C H 2 O C O C ( C H 3 ) C H 2 , impart soil, 
oil, and water repellency to treated fabrics and paper; this forms the basis for 3M's Scotchguard and 
Scotchban p r o d u c t s 6 4 . Po lymers of A/-alkyl perf luorooctanesulfonamidoethyl acrylates, 
C 8 F 1 7 S O 2 N ( R ) C H 2 C H 2 O C O C ( R 0 C H 2 , with certain hydrocarbon acrylates and methacryla tes have also 
been found to be surface-active agents in organic solvents and water. These po lymers have applicat ions in 
the areas of secondary crude oil recovery and wett ing, leveling, and flow control a g e n t s 6 5 ' 6 6 . " 
"Higher perfluoroalkanesulfonaf.es are slightly more reactive than triflates toward nucleophilic 
d isplacements . The rate constants for acetolysis of methyl nonafluorobutanesulfonate [6401-03-2] , methyl 
t r i f luoromethanesulfonate [333-27-7] , and methyl toluenesulfonate [80-48-8] are 1.49 x IO" 4, 7.13 x 10" 5, 
and, 3.1 x 10" 9 s"1 respectively. This means that the relative reactivities for nonafluorobutanesulfonate , 
t r i f luoromethanesulfonate, and toluenesulfonate are 4 8 , 0 0 0 / 2 2 , 9 0 0 / l 6 7 . " 
Exxon r e s e a r c h e r s 6 8 , 6 9 , 7 0 report in the patent literature the promis ing use of C F 3 ( C F 2 ) n S 0 3 H (n = 1, 5, & 7) 
and C F 3 ( C F 2 ) - 0 - ( C F 2 ) n S 0 3 H (n = 2) for the carbonylat ion of arenes. These homologues of triflic acid 
appear promis ing for commerc ia l application since it is c laimed that the a ldehyde products can be separated 
from the acid catalysts by vaporizat ion. The acid strengths of the perf luoroalkanesulfonic acids are lower 
than triflic acid and therefore, we expect the yields/conversions of arene carbonyla t ion will be less with the 
higher molecular weight h o m o l o g u e s . 7 1 Yields are low (1-9%) as a result of low arene convers ions while 
good para-se lec t iv i ty was realized ( - 9 3 % ) with the remaining isomer claimed to be the ortho isomer. The 
proposed process for recovering the perfluoroalkanesulfonic acid uses tr if luoroacetic acid as a solvent 
which assists in breaking the acid/a ldehyde complex (vide infra) in a separator before sending the products 
to a wiped film evaporator under a partial vacuum (100°C at 0.25 Torr ) where the to lualdehyde was 
recovered upon heating the fluid. The trifluoroacetic acid solvent was recovered separately from the 
perfluoroalkanesulfonic acid using a wiped film evaporator . W e know that tr if luoroacetic acid alone is not 
sufficiently acidic to catalyze the toluene carbonylat ion. If the claims of this patent can be repeated in the 
laboratory, then, it may have warrant further investigation. 
a
 Text in quotes were taken verbatim from the report by Patricia Savu, "F luor ine-Conta in ing Polymers , 
Perf luoroalkanesulfonic Acids" , Kirk-Othmer Encyclopedia of Chemical Technology (1994) , John Wiley & 
Sons, Inc. 
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Chloroa lumina te ionic liquids 
have been reported as efficient 
convers ion agents for toluene 
carbonylat ion when the cation 
was either dialkyl imida-
zolium c h l o r i d e 7 2 ' 7 3 or N-
p y n d i n i u m ch lo r ide 7 4 . 
Recent ly , Wasse r sche id , 7 5 
reported another IL conversion 
agent which is a combinat ion 
of a cation, such as N-alkyl-4-
methylpyr id in ium chloride, an 
anion such as ( C F 3 S 0 2 ) 2 N -
A1C1 3. They found 
extraordinary solubility of 
AICI3 in these new IL ' s , up to 
4.5 mol AlCl 3 /mol of IL. 
These results are to be 
contrasted with the results for 
other chloroaluminate IL 's 
where the m a x i m u m solubility 
is 2 moles AlCl 3 /mol IL. All 
of these agents function as 
s toichiometric reagents , thus 
the m a x i m u m convers ion of 
arene to a ldehyde is 
determined by the max imum amount of a luminum chlor ide dissolved in the IL. Howeve r , the a luminum 
chloride must be neutralized with water before the product a ldehyde is released and because the a luminum 
chloride is destroyed, these agents will not be commercia l ly- nor envi ronmenta l ly-v iab le for large volume 
processes. A breakthrough in this technology is required that will permit 1) the product to be released 
from the IL, and 2) regenerat ion of the IL so it can be reused. 
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Figure 13 Reactivi ty of To luene Carbonylat ion Towards IL ' s 
Developed from /1-Butyl Imidazol ium Chlo r ide -2MCl 3 : M = Al, Ga, In. 
A world patent publicat ion descr ibed an IL developed from dia lkyl imidazoium chlor ide and InCl 3 , which 
could be regenerated by heating in v a c u u m . 7 6 Al though this IL was act ive for a Freidel-Crafts reaction 
(toluene + benzoic anhydride) and could be reused several t imes, we did not observe any products of 
toluene carbonylat ion. It appeared prudent to examine an IL derived from a group III-A metal chloride of 
Lewis acidity intermediate to Al and In: Ga. W e show here, Fig. 13, the results of toluene carbonylat ion 
with three IL ' s derived from n-butyl-methyl imidazol ium chloride and M C 1 3 , M = Al, Ga, or In. This 
figure shows that the most active convers ion agent for toluene carbonylat ion is the IL derived from Al, and 
that Ga shows an activity that was intermediate to those activities of Al and In. A n g u e i r a 7 7 measured the 
Hammet t acidity functions of these three I L ' s and reported them to be as follows: -13.99 for Al, -13.72 for 
Ga, and -4.63 for In. From these est imates of Br0nsted acid strength, it is clear why the In IL is not active 
for toluene carbonylat ion since most researchers suggest that a H a m m e t t acidity function o f - 1 2 and more 
negative is needed to activate the system for carbonylat ion. However , we did not de te rmine if the Ga IL 
could be regenerated; this exper iment might be worth doing! 
Solid Acids 
Zeoli tes. Solid, he terogeneous acids offer an attractive al ternative to liquid, homogeneous acids for the 
functionalization of arenes in that the products/reactants can be easily separated from the solid acids by 
physical means . One family forming a subset of solid acids is the synthet ic , microcrystal l ine 
aluminosi l icates or zeoli tes. T h e well-defined crystal structures of both natural and synthetic zeolites 
permit selective hydrocarbon transformations. T h e selectivity of the zeolites can be improved by 
deactivat ions of external acid sites with amines , replacement of the cat ionic sites by transition metal ions by 
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ion-exchange, or by modification of the s i l ica-a lumina ratio. Some zeoli tes, such as H - Z S M - 5 have treated 
to develop what is c la imed to be super acidic character at high tempera tures . Accordingly , Hamil ton 
Pit tman, et al. report the formylat ion of benzene using a zeolite (13Y) that was modified to contain a 
copper c o m p o u n d . 7 8 This solid was treated to high tempera ture and hydrogen to partially reduce the cupric 
ion to copper of a lower oxidat ion state, perhaps even the cuprous state. T h e reaction condi t ions were room 
temperature, equimolar amounts of C O and HC1 were added to a pressure of 500 psig. Afterwards, the 
gases were vented and the sys tem was treated with a desorbing agent (s team, C 0 2 , or ammonia ) to recover 
the a ldehyde from the solid. The selectivity was reported to be 6 5 % but no convers ion of the substrate was 
reported. The solid was regenerated by heat ing to 325°C so as to r emove the desorb ing agent. 
Recent work in our l abora to r ies 7 2 and o t h e r s 7 9 to character ize the acidity of zeolites and liquid 
acids show that the X, Y, and Z S M - 5 zeolites demonst ra te acid strengths that are less than concentrated 
sulfuric acid. For example , Angueira reports est imates of the H a m m e t t acidity function for X, Y, and 
ZSM-5 to be as follows: -3 .5 , -5.2, and - 6 . 2 . T h e threshold value for the H a m m e t t acidity function for a 
substance to act as a toluene carbonylat ion agent is - 1 2 . Thus , alone, we expect that these zeolites would 
not be active convers ion agents for toluene carbonylat ion. Hence , we expect that HC1 gas is necessary to 
provide the super acidic Bronsted sites when it combines with extra f ramework a luminum species that are 
generated during the high tempera ture pretreatment with s team. T h e inclusion of the Cu species may assist 
in the adsorption of C O . 
Stepanov, et al, observed the Koch reaction (olefin or alcohol + C O + H 2 0 ) in zeolite Z S M - 5 at 
room temperature and low p re s su re . 8 0 This reaction normally requires concentra ted sulfuric acid and C O at 
100 bar at room temperature . These N M R results suggest that the Z S M - 5 may show strong acidity. 
Modified zeolites. W e reported the synthesis and characterizat ion of a microporous zeolite containing small 
amounts of Si (5 mol%) and much larger amounts of Al and P oxides which were developed from reacting 
S iCl 4 gas with a luminum phosphates having the same structure as Z S M - 5 ( A l P 0 4 - 5 ) . 1 Whereas , the 
parent A l P 0 4 - 5 was unreact ive to the probe reaction, to luene-methyla t ion to form mixed xylenes, the 
modified product solid was significantly more active and gave unusually high yields of o-xylene (51%) , p -
xylene (27%) and the balance was m-xylene. The regioselectivity expected of a Friedel-Crafts alkylation at 
these condit ions was observed: olplm - 5 4 % / 2 9 % / 1 7 % . W e explained these results by assuming that 
AICI3 was present in the solid as a result of the reaction of S iC l 4 by the fol lowing: 
4S iC l 4 + [ A l 2 0 3 P 2 0 5 J n -> 4 S i 0 4 [ A l 2 0 3 P 2 0 5 ] ( n . 1 ) + 2A1C1 3 + 2PC1 5 
The AICI3, when combined with small amounts of water, created a super acid that could function as a 
Friedel-Crafts catalyst. If this agent does show super acidity, this modified A l P 0 4 - 5 may be an ideal 
candidate for further testing as an arene formylation agent. Others report the post-synthesis modification of 
zeolites to extract a luminum oxides from the f ramework of aluminosi l icates by the action of triflic ac id . 8 2 
They found op t imum condi t ions for a luminum extraction that balanced the amount of a luminum extracted 
versus the surface area/pore volume of the modified solids. The enhanced reactivity of these solids towards 
the M T B E synthesis reaction was explained by the formation of reactive, ext ra- f ramework Al species rather 
than a result of triflic acid deposi ted on the surface of the zeoli tes. It remains to be proven than the extra-
f ramework Al can be a to luene carbonylat ion catalyst. Still others report the activity of zeoli tes combined 
with AICI3 for carbonylat ing benzene at modest cond i t ions . 8 3 It appears that the zeoli te provides protons to 
initiate the electrophil ic substi tution reaction but these researchers did not a t tempt to reuse the solid. 
Modified z i rconia ' s . Sulfated zirconia has been reported by others as a conversion agent for toluene 
carbonylat ion al though the yields were very l o w . 8 4 The best catalyst also contained Fe /Mn or Cr and the 
solid was reported to accumula te a black residue on the surface which prevented the catalyst from operat ing 
cont inuously. T h e observed yields of 1-2% corresponded to jus t about a s toichiometr ic layer of products 
on the surface. Addit ional work reported by Cl ingenpeel , et al provided fundamental unders tanding to the 
mechanism of reaction over these so l ids . 8 5 For these agents to be used in a cont inuous process , some 
means must be developed to r emove the surface coat ing cont inuously. F u n a m o t o , et al report a process 
whereby the isomerizat ion of n-butane over sulfated zirconia was maintained at a s teady activity when the 
pressure and tempera ture were adjusted to show super critical cond i t i ons . 8 6 This catalyst when used under 
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lower pressure condi t ions shows the normal decl ine in activity associated with deposi t ion of coke on the 
surface. The stable reactivity of this catalyst under supercritical n-butane suggests that this supercritical 
solvent is capable of removing solid residue from the surface that would normally block the reactive sites to 
further reaction. As such, this approach may be adapted for use with arene formylat ion provided that we 
can find a supercrit ical solvent that can displace the a ldehyde from the surface in a separate process step. 
Mesoporous zirconia was treated with triflic acid in an at tempt to improve its reactivity towards a 
Br0nsted demand ing reaction: bepzoylat ion of b i p h e n y l . 8 7 They claim that the subject catalysts is 6 times 
more active than sulfated zirconia but its turnover rate was ~ 1/5™ that of triflic acid. If this claim can be 
substantiated, then the modified mesoporous material could be useful as an arene carbonylat ion catalyst 
provided that it can be reused. 
Acidic polymers . Polyfluorinated sulfonic acids are considerably stronger Br0nsted acids than the 
conventional s tyrene-based materials ( -H0~10). They are also more thermally robust. Successful 
applications of these strong solid acids include the bimolecular convers ion of alcohols to ethers. An 
interesting deve lopment in this context is the preparat ion of composi tes of silica with fluorinated sulfonic 
acid resins (e.g., Nafion). These can be considered as effectively being higher surface area forms of the 
highly acidic polymer with a commensura te increase in catalytic activity of up to 10 3 and allows catalysis 
of react ions not normal ly considered possible for conventional ion exchange resins. Thus a Nafion 
resin/silica catalyst is act ive for the alkylation of benzene with C 1 2 olefins to give the very large-scale 
detergent in termediate dodecylbenzene . Its particularly important to note that very little branched alkylates 
on other by-products are formed. Selectivity in this application is very good al though the catalyst is 
significantly less act ive in such alkylations than supported a luminium chlor ide or sulfated z i rcon ia . 8 8 W e 
confirmed the inactivity of these composi te materials towards the toluene carbonylat ion reac t ion . 8 9 
An enhanced activity form of this resin has been reported by Sun, et al, r ecen t ly . 9 0 They report 
that the compos i te is nearly 100 t imes the activity of the Nafion beads and even more act ive than strong 
triflic acid based on the same amount of acid groups present in the catalysts based upon yields/conversions 
of the benzylat ion reaction. This reaction does not demand the acid strength required of the arene 
formylation reactions so it remains to be proven that the Nafion/sil ica compos i te is a viable candidate for 
arene carbonylat ion. 
Several r e p o r t s 9 1 , 9 2 in the patent literature remark on the enhanced yields of arene aldehydes 
obtained over systems that combined liquid triflic acid and either porous organic or porous inorganic solids 
decorated with noble metals (e. g., Pd) . They also report much lower yields obtained from just the solids 
alone. It appears that these findings can be explained in a s imple fashion for which the liquid and solid 
systems are act ing independent ly and thus no new science or technology can be derived from these patents. 
A general c o m m e n t can be made regarding the use of solid acids as carbonyla t ion agents . To be 
effective and not limited by equil ibr ium thermodynamics , acidic sites on the surface must form adducts 
with the a ldehyde product jus t as was observed in liquid acids and ionic l iquids. Therefore , the solid acid 
will act as a s toichiometr ic reagent for the formation of the a ldehyde. As a s toichiometr ic agent, the solid 
will function much like an adsorbent bed, becoming saturated with product and requir ing regenerat ion as 
was descr ibed in the Mobi l patent for using zeolite. After regenerat ion to displace the product , the fixed 
bed of solid acid can be reused to produce another "ba tch" of arene a ldehyde. O n e may obtain a 
cont inuous process by adapt ing the process strategy used in mult iple, fixed-bed adsorpt ion units so that any 
time, some of the fixed beds are in use, while others are in the different stages of operat ion (purging, 
regenerat ing, etc). Thus , the process design and economics of mult iple fixed bed adsorpt ion units must be 
used in developing a large-scale, cont inuous process for arene formylation. 
Decora ted silica. Alvaro, et al, descr ibe the synthesis of an M C M - 4 1 that had been decorated with 1,2,2-
t r i f luoro-2-hydroxy- l - t r i f luoromethyl-e thane sulfonic acid Be ta - su l tone . 9 3 This compound reacts with 
surface silanols by a condensat ion reaction to produce a tethered perf luoropropane sulfonic acid that is 
reactive towards acylat ion reaction. If this tethered perf luoropropane sulfonic acid is reactive for toluene 
carbonylat ion, then it may be a viable candidate for testing further. 
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Reactivity and Recovery—Reprise 
W e commented earlier how triflic acid was found to be important in acid catalysis , but the 
precise nature of the mechan isms by, which it works and the exact species that exist are not well k n o w n 9 5 
despite the large effort in character izing this system. It is appropria te that we reflect again on this 
convers ion agent with an emphas i s on how one could use it or a related acid in a commerc ia l process to 
produce the arene a ldehyde. The chemistry to produce either benza ldehyde or to lua ldehyde, for example , 
involves the carbonylat ion of either benzene or toluene with carbon monoxide . In the case of benzene with 
TfOH, this reaction may proceed as an aromatic electrophil l ic substitution: 
H + + C O o H C O + 
C 6 H 6 + H C O + -> C 6 H 5 C H O + FT 
In the case of toluene, exper imental data show convers ions of nearly 100%. Presumably , the 
complex formed be tween the to lualdehyde and the acid is relatively stable, so that the back reaction is 
unfavorable and the complex can be dissociated by water addition. W h e n this react ion is carried out in dry 
toluene, a large excess of T f O H b is required to drive it ( T f O H : C 6 H 5 C H 3 } of 10:1 , mol ratio). Moreover the 
resulting to lualdehyde and acid complex is relatively stable. A large excess of water (13 mol water to 1 
mol of acid) is required to reduce the acidity to a level that liberates the a ldehyde . T h e result ing mixture is 
biphasic with an upper oil layer containing much of the a ldehyde, but the process is inherently inefficient 
due to the large excess of T fOH that is required to drive the reaction, and the large water dilution ratio that 
is required to recover the a ldehyde in a second phase. Al though the result ing mixture will yield two liquid 
phases, this approach is impractical since it makes the subsequent recycle of T f O H expens ive and requires 
the removal of significant amounts of water. Modif icat ions of this procedure are needed to make it 
practical. 
Super acids other than triflic may also be attractive for carbonylat ion. S o m e are c la imed to be 
over a thousand t imes stronger. The H B r / A l B r 3 system, for example , is of interest ( H 0 = - 1 7 . 5 9 6 ' 9 7 versus 
H 0 =-14 .1 for triflic acid, where H 0 is the Hammet t acidity function. Whi le b romine is highly corrosive in 
the presence of water, this p rob lem may be much less severe in the case of anhydrous sys tems {e.g., based 
on dry ionic l iquids) . Other superacids of interest include C F 3 S 0 3 H / S b F 5 ( H 0 = -16 to - 1 8 . 5 ) 9 6 and H F / S b F 5 
( H 0 < - 2 0 ) 9 6 . Both of these latter two systems have corrosion issues when mixed with water, but may be 
practical if restricted to anhydrous ionic mixtures. However , the high vapor pressure of H F coupled with 
its toxicity makes in unattract ive as a commercia l convers ion agent. 
What is needed are more efficient methods to carry out the reaction and subsequent recovery 
operat ions. Efficiency can be increased by finding reaction condi t ions that: (1) enable a ldehyde production 
using only small amounts of T fOH or other superacids , (2) permit a ldehyde l iberation from the superacid 
without the addit ion of large amounts of water, and (3) facilitate the recycle of reagents and the clean 
recovery of product from the crude reaction mixture. The ideal sys tem chemis t ry would permit both 
reaction and recovery from a single vessel or two, at most . Suggest ions are made to improve recovery from 
an aqueous phase and to investigate kinetics and recovery from anhydrous mixtures of room temperature , 
ionic liquids (RTIL ' s ) . 
Recovery from Organ ic /Aqueous Biphasic Mixtures . Liquid/ l iquid sys tems are affected by a wide range of 
f a c t o r s 9 8 , 9 9 . W e descr ibe here a process for recovering triflic acid (TfOH) from a product mixture, but one 
could also imagine that the same process could be used for any member of the perf luoroalkane sulfonic 
acid family. Var iables of interest include the mixture temperature , the presence of salting agents in an 
aqueous phase , and the presence of diluents in an organic phase. The patent l i t e ra tu re 6 8 " 7 0 shows the use of 
trifluoroacetic acid as an agent to break the a ldehyde/perf luoroalkane sulfonic acid complex and one may 
speculate that its use was to change the solubility propert ies of the a ldehyde in the acid solution and 
perhaps functions like a br ine, ment ioned here. In the present instance, aqueous salting and the use of 
diluents are of part icular interest because the formation of two liquid phases requires that the triflic acid-
b
 This large excess of T f O H may be required to stabilize H C O + in toluene solution. If so, then the use of a 
more polar solvent should reduce the T fOH requirements . 
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aldehyde adduct be broken. This means that the Gibbs energy of T f O H in the aqueous phase must be lower 
than that of the adduct and, similarly, the Gibbs energy of the a ldehyde in the organic layer must also be 
lower. 
Adding a non-react ive, non-polar diluent can promote the decompos i t ion of the a ldehyde-TfOH 
adduct and transport of the pure a ldehyde into the organic layer. Organic di luents are c o m m o n l y used in 
solvent extraction to tune solvent properties and promote more favorable condi t ions either to extract 
species, improve solvent selectivity, and/or to induce liquid/liquid phase sepa ra t ion 9 1 . The selection of an 
appropriate organic diluent requires some knowledge of the extract ion mechanism and other phase 
properties (e.g., interfacial tension) , which may need adjustment in order to bring about the desired mass 
transfer and phase separation. 
Similarly, the aqueous phase can be adjusted through the use of salt ing agents (/. e., "brines") 
which are themselves inextractable, but which increase the ionic strength of the brine, the density 
differences be tween the two liquid phases, and their interfacial tension. In the case of T fOH, salting should 
also promote dipole-dipole interactions which may further induce its transfer into the brine. Because of the 
reactivity of T fOH and the need to recycle the acid, a salting agent such as sodium triflate, or perhaps 
copper(I)-triflate, are logical addit ives to create a brine. Aqueous salting has the further benefit of reducing 
the equi l ibr ium concentra t ions of organic species (e. g., a ldehydes) in the brine, and thereby reducing 
a ldehyde losses to it. 
Assuming a suitable liquid/liquid system can be found with modes t addit ions of water, salting 
agent, and diluent, then a practical T fOH recycle scheme might consist of the fol lowing steps. First, 
comple te the reaction, then form the appropriate liquid/liquid phase. Back extract the aqueous phase to 
remove residual a ldehyde concentra t ions using the organic diluent. W a s h the extract with br ine to remove 
residual T f O H from the a ldehyde and thus prevent its interference with a ldehyde t reatment . Recover and 
purify the a ldehyde using distillation. Recycle T fOH with distillation of water and TfOH. T h e TfOH will 
likely require a pol ishing step to remove residual water prior to recycle. T h e a ldehyde may require 
polishing to reduce polymerizat ion and decomposi t ion during its distillation. 
Ionic Liquids. Us ing anhydrous RTILs as reaction solvents, may enable higher reaction rates with the 
addition of less T f O H or the use of other, more effective superacids . Ionic liquids may also promote TfOH 
recycle, and enable product recovery without the addition of water. They have the potential to drastically 
simplify recycle and recovery, as well as improve reactivity and/or selectivity. Laali et. a l m discuss the 
use of T f O H as promoter and n-buty lmethyl imidazol ium triflate ( [BMIM][TfO] ) room temperature ionic 
liquid (RTIL) as solvent. They found this mixture resulted in a mild and efficient process for the one-pot 
adamantylat ion of aromat ic substrates (e.g., toluene). Under optimal condi t ions , the react ions exhibit high 
para selectivity with little or no adamantane s ide-products being formed. These results suggest that a RTIL 
may be coupled with a suitable inert diluent to promote the decomposi t ion of TfOH-a ldehyde adducts 
without the addit ion of any water. They also demonstra ted that [BMIM][TfO] could be reused. They 
recovered their alkylates by diethyl ether extraction. 
The results of Laali et al.m suggest that toluene a ldehydes may be efficiently produced using an 
ionic liquid without water addit ions. T h e suggested procedure is to react C O and toluene in a [BMIM][TfO] 
and T f O H mixture, then depressur ize and recover the products , unreacted toluene, and T f O H by distillation 
directly from [BMIM][TfO] . It should be possible to further purify the products and reactants using 
fractional distillation. 
The solubili ty of carbon dioxide in [ B M I M ] [ P F 6 ] is apparently higher than that of C O 1 0 1 , but the 
data are conflicting for C O in [ B M I M ] [ T f O ] 1 0 2 ' 1 0 3 ' 1 0 4 . T h e solubility of C O in [ B M I M ] [ P F 6 ] may be an 
order of magni tude less than C 0 2 under similar condi t ions. Further measurements are needed to determine 
C O solubilit ies in [BMIM][TfO] . Apparent ly the anion plays an important r o l e 1 0 3 . 
Another modification which may be attractive is to replace catalytic T f O H with a non-volati le, 
catalytic triflate salt. Handy and E g r i e 1 0 4 were able to catalyze aromatic nitration using yt terbium triflate as 
the catalyst a long with N-buty l -N-methylpyrro l id in ium triflate as the room tempera ture , ionic liquid (RTIL) 
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solvent and toluene as the substrate . They were also able to catalyze the same react ions using copper(II)-
triflate as the catalyst. If copper triflate can be used, rather than TfOH, then only the a ldehyde products , the 
C O , and toluene reagents will be removed by volatil ization. In this s implest case , both the catalyst and 
ionic liquid remain in the reactor for reuse without additional handl ing or purification. The implementat ion 
of strategies to cont inuously add and remove products , C O and toluene would enable cont inuous operation. 
Blended RTILs have not been widely studied, but it is known that R T I L mixtures often have 
drastically different propert ies from their pure cons t i t uen t s 1 0 5 . In some instances, the mixture propert ies are 
supe r io r 1 0 6 , but few data are available on the ability of R T I L mixtures to affect organic reactivity. It is 
known that reaction rates often increase when an ionic liquid is the s o l v e n t 1 0 5 . 
Conclusions 
Arenes can be carbonylated to high convers ions at room tempera ture under C O partial pressures of 
70 atm with high regioselect ivi ty when the catalyst is triflic acid. T h e reactivity and selectivity of the 
toluene carbonylat ion reaction may be adjusted by the initial ratio of acid/substrate . Carbonyla t ion of di-
and tri-substituted arenes at the same condit ions in excess triflic acid showed high regioselectivit ies to the 
a ldehyde addit ion product without rear rangement of the substrate before the carbonylat ion. The 
homologous members of the triflic acid family [ C F 3 ( C F 2 ) n S 0 3 H ] were reported to show lower acid 
strengths than triflic acid and thus represent an opportuni ty to balance reactivity to form the product 
aldehyde against ease of separat ion of the acid from the a ldehyde product . One patent c laims to show 
recovery of the product a ldehyde by s imple vacuum distillation when a co-solvent was used. Other studies 
show that the addit ion of "sa l t s" was effective in changing the solubili ty propert ies of the result ing liquids. 
Zeolites were reported to be active for arene carbonylat ion provided that Cu was introduced into the solid 
and that HC1 gas was present also. Separat ion from the product was achieved with the introduction of a 
"spr inging" agent such as s team, C 0 2 , or ammonia followed by heating so as to regenerate the solid. 
Quo Vadis 
As a result of this review of the literature it appears that two paths forward are possible: 1) 
examine the perf luoroalkane sulfonic acid family as convers ion agents for arene carbonyla t ion (benzene or 
toluene) with an emphas i s on the reuse of the sulfonic acid and 2) examine the reactivity and reuse of 
zeolites decorated with Cu and treated with HC1. 
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Scheme 1 Equilibria for Protonated Toluene 
Scheme 2 Mesomeric forms for protonated tolualdehydes 
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Appendix II--Progress Reports to B P (USA) for Molecular Model ing of Acid/a ldehyde Interactions 
Please find in this appendix the following progress reports: 
June 2005 
May 2005 
April 2005 
March 2005 
February 2005 
January 2005 
November 2004 
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M o n t h l y P r o g r e s s R e p o r t t o B P ( J u n e , 2 0 0 5 ) 
M o d e l i n g S t r o n g A c i d s a s H y d r o c a r b o n C o n v e r s i o n A g e n t s 
c
 Tasset , E. L., "Regenera t ion of Fluorocarbonsulfonic Acid Cata lys ts" , U S Patent 4 ,800 ,286 (1989). 
d
 Sherman , S. C , private communica t ion , (2002) . 
olefin ( te t rapropylene/diphenyl oxide = 
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Executive Summary 
The m o d e l i n g by ab initio methods was cont inued on m o d e l s of the so l id acid, 
Naf ion , to determine the tendency of these acidic spec ie s for forming adducts with p-
to lualdehyde and L e w i s bases such as dimethyl ether and diphenyl ether. These 
calculat ions s h o w e d that both ethers appear to warrant further study as extracting agents 
espec ia l ly for displac ing mode l c o m p o u n d s of c o k e residues on the acid sites in Nafion. 
D imethy l ether appears to be a promis ing candidate for d isp lac ing to lualdehyde from 
perfluoropentane sul fonic acid. 
Introduction 
At the highest level of model ing , we choose Nafion, to 
model the interactions be tween the acidic sites and the Lewis 
bases: a lkene, a ldehyde, and diphenyl ether. This appears to be a 
very promising model system since the patent l i terature c suggests 
that the solid acid can be regenerated using a s imple displacing 
agent, diphenyl ether. Moreover , the structure of Nafion is known 
(I) and the acidic site is very similar to that found in triflic acid (-
CF3SO3H). Finally, we have demonst ra ted that diphenyl ether is 
unreactive with itself in triflic acid; whereas , other ethers, such as 
diethyl ether and M T B E , will react in triflic ac id . d Thus , we 
expect that diphenyl ether will be a good choice for a displacing 
agent. The identity of the " c o k e " which covers the surface is 
unknown; however , we may be able to s imulate the properties of 
this coke from a considerat ion of the most probably coke 
formation reactions. One possible reaction is that required for the 
formation of the multiple alkylation products and another possible 
coke-forming reaction is the ol igomerizat ion of dodecene . Tasset ' 
produced a coked Nafion catalyst by passing a feed rich in the 
10/1 mol/mol) so as to accelerate the coke-forming reactions. 
Results 
Model ing Nafion. W e can imagine a s imple model that captures the essential chemical properties of the 
solid Nafion: CF 3 (CF2)nCF2S0 3 H where n can be adjusted. As a first trial, we will thermochemical 
properties for the Nafion model with n = 4. The free energy of d isp lacement of the Lewis base from the 
Nafion will be the criterion for judg ing how the value of n affects the thermochemica l propert ies. 
Geometry opt imizat ions will be completed using Har t ree Fock method with a basis set at the level of 3-
21(G*) and then finishing with a single point energy calculat ion using A M - 1 in the Spartan ' 02 quantum 
mechanics package. 
Lewis bases. The patent literature suggests that diphenyl oxide will r emove a coke residue from the surface 
of Nafion. As models for the coke residue we will use the following Lewis bases: 1) 1-dodecene; 2) 1,3-
dodecadiene ; and 3) hexylbenzene. 
Extract ing agents . T h e ethers dimethyl ether (DME) and diphenyl ether (DPE) will be considered as 
potential extracting agents , E, for removing models for the coke residue from Nafion. 
Displacement react ions. T h e test reactions for these Lewis bases, L, for these extract ing agents , E, will be 
as follows: 
1) E + Nafion/L -> L + Nafion/E; A G r x n ° =? 
The extracting agent, E, will be considered encouraging if the d isp lacement reaction shows a free energy 
that is negative. Cons ider ing the uncertainty in the thermochemical propert ies of +/- 5 kcal /mole , we are 
expect ing free energies more negative than 10 kcal/mol as very encouraging. 
The results for these s imulat ions are shown in Table 1 for the model of Nafion where n = 4. 
React ions 1-4 show posit ive free energies of d isplacement (~ 10 to 12 kcal /mol) for the removal of the 
model coke compounds dodecene and dodecadiene using dimethyl ether ( D M E ) and diphenyl ether (DPE) 
as the displacing agents . The error in these calculat ions is +/- 5 kcal /mol so it appears that the 
displacement of these types of model coke compounds is are not favored. These calculat ions do not 
consider the free energy of solution for the Lewis bases into the ethers. On the other hand, if the model for 
the coke is hexylbenzene , the free energies of d isplacement are negative (-6 kcal /mol) when using either 
diphenyl ether (reaction 5) or dimethyl ether (reaction 6). These results predicted by the ab initio method 
are different from those we reported last mon th 6 using AM-1 as the method for finding the op t imum 
geometry where all reactions (1-6) were predicted to have negative free energies of reaction (- 6 kcal/mol 
for D P E and - 1 1 kcal/mol using D M E as the extract ing agent) . 
Tab le 1 Thermochemica l Propert ies for Disp lacement Reac t ions , kcal/mol 
D i s p l a c e m e n t R e a c t i o n s A H f ASf 2 A G / 
1) D P E + Naf ion/dodecene --> dodecene + Naf ion/DPE 8.36 -0 .0065 10.29 
2) D M E + Naf ion/dodecene - > dodecene + Naf ion /DME 12.91 0 .0090 10.22 
3) D P E + Naf ion/dodecadiene —> dodecadiene + Naf ion/DPE 9.01 -0 .0102 12.04 
4) D M E + Naf ion/dodecadiene - > dodecadiene + Naf ion /DME 13.56 0.0053 11.98 
5) D P E + Naf ion/hexylbenzene - > hexylbenzene + Naf ion /DPE -1.85 0.0155 -6.47 
6) D M E + Naf ion/hexylbenzene --> hexylbenzene + Naf ion /DME 2.70 0.0310 -6.53 
It is appropria te to examine these results in more detail where we compare the free energy of formation for 
the small molecules (Table 2) when using either AM-1 or the ab initio method to arrive at the geometry 
optimizat ion. Recal l , that a single point energy was determined using A M - 1 for each calculat ion after the 
geometry had been established using either the semi-empir ical or ab initio method so the differences in the 
energy values in Table 2 reflect the differences in the opt imized geometry. 
Table 2 Compar i son of Free Energies of Format ion (kcal /mol) for Small Molecules 
A M - 1 ab initio l i t e ra tu re v a l u e s ' 
d i p h e n y l e t h e r - 3 . 1 4 6.41 3 4 . 4 7 
t o l u a l d e h y d e - 42 .9 - 3 7 . 1 8 
d i m e t h y l e t h e r - 6 7 . 0 4 - 6 7 . 0 4 - 2 6 . 9 9 
hexy l b e n z e n e - 5 1 . 9 3 - 5 1 . 9 3 - 1 3 . 1 5 
d o d e c a d i e n e - 6 5 . 3 8 - 4 2 . 8 4 
d o d e c e n e - 9 3 . 1 1 - 6 6 . 9 6 3 2 . 9 6 
e
 Whi te , Mark G., Month ly Progress Report , May, 2005 . 
r
 Stull, D. R., E. J. Wes t rum, Jr., G. C. Sinke, "The Chemical T h e r m o d y n a m i c s of Organic C o m p o u n d s " , J. 
Wiley and Sons , Inc., (1969) . 
37 
The two methods predict the same free energy of formation for dimethyl ether and hexyl benzene , but 
significant differences are apparent in these values for predicting the free energies of diphenyl ether ( - 1 0 
kcal /mol) ; dodecad iene (23 kcal /mol) ; and dodecene (26 kcal /mol) , whereas the difference between the two 
methods in predict ing the energy for tolualdehyde (5 kcal /mol) is considered insignificant. The predicted 
free energies of formation for perf luoropentane sulfonic acid differ by 50 kcal /mol . The literature values 
for the free energy of formation for hexylbenzene was - 1 3 . 1 5 kcal/mol which is more positive than the 
values predicted by either method. Likewise, the literature values for the free energies of formation were 
more posit ive than the cor responding values for both ethers: dimethyl ether (~ 40 kcal/mol for D M E and -
30 kcal/mol for DPE) . Final ly, for dodecene , the literature values were - 3 0 to 60 kcal/mol more positive 
than the ab initio and A M - 1 predict ions, respectively. In every case, the ab initio method predicted the free 
energies closer to that observed in the literature, but all of the predicted values were significantly different 
from the l i terature values. 
W e consider further these d isplacement reactions (Table 3) when the Lewis base is p- to lua ldehyde 
(p-tal) and for Nafion: C F 3 ( C F ^ G F 2 S 0 3 H where n = 4. The free energy of the rep lacement reaction is 
nearly the same (-3.8 kcal/mol) when the extract ing agent is dimethyl ether or diphenyl ether. This result 
compares well with the result reported last month (-1 to - 6 kcal/mol) when the AM-1 method was used to 
establish the optimized geometr ies of all molecules. 
Table 3 Nafion Model [ C F 3 ( C F 2 ) 4 C F 2 S 0 3 P I ] for the Displacement React ions of To lua ldehyde , kcal/mol 
AH f° AS f ° A G , 0 
D P E + N a f i o n / p - t a l - - > p-tal + N a f i o n / D P E - 4 . 0 0 - 0 . 0 0 0 8 - 3 .75 
D M E + N a f i o n / p - t a l - - > p-ta l + N a f i o n / D M E 0 .55 0 . 0 1 4 7 - 3 . 8 2 
These results using perf luoropentanesulfonic acid as the model for Nafion are even more interesting when 
we consider the possibility of using this agent as an al ternative to triflic acid for toluene carbonylat ion. The 
salient quest ion is: Can we break the acid/p-tal complex more easily when the acid is 
perfluoropentanesulfonic acid rather than triflic acid. To answer this quest ion we can determine the free 
energy of d isplacement for the triflic acid system and compare those free energies to that jus t calculated for 
the pentanesulfonic acid system. These calculations were completed at the Har t ree-Fock level using 3-
21(G*) as the basis set for the electronic orbitals (Table 4) . 
Table 4 Free Energies of React ion for Disp lacement of To lua ldehyde from Triflic Acid, kcal/mol 
AH, 0 A S , 0 A G , 0 
D P E + tr i f l ic ac i d /p - t a l - -> p-ta l + tr i f l ic a c i d / D P E - 3 . 7 0 0 . 0 0 4 8 - 5 . 1 4 
D M E + tr i f l ic ac id /p - t a l ~ > p-tal + tr i f l ic a c i d / D M E 8 .41 0 . 0 1 6 9 3 .35 
These results suggest that to lualdehyde cannot be displaced from triflic acid by the action of dimethyl ether 
while this ether could be used to displace tolualdehyde from perf luoropentane sulfonic acid. Additionally, 
diphenyl ether is predicted to be an effective displacing agent from either triflic acid or perf luoropentane 
sulfonic acid. T h e predicted result for the use of dimethyl ether in displacing to lua ldehyde from triflic acid 
can be compared to an exper imental result that we observed several years a g o 8 : d imethyl ether did not 
displace to lualdehyde from triflic acid. These exper imental results would seem to confirm the ab initio 
prediction. If perf luoropentane sulfonic acid is active for toluene carbonyla t ion and if the product aldehyde 
can be easily displaced by an ether, then the perf luoroalkane sulfonic acid might be useful as a regenerable 
"catalyst". 
8
 Whi te , Mark G., private notes, B P - A M O C O contract, summer , (2002). 
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Executive Summary 
The m o d e l i n g by semi-empir ica l methods w a s cont inued on m o d e l s of the sol id 
acid, Naf ion , to determine the tendency of these acidic spec ie s for forming adducts with 
p- to lua ldehyde and L e w i s bases such as dimethyl ether and diphenyl ether. These 
calculat ions s h o w e d that both ethers appear to warrant further study as extracting agents 
espec ia l ly for d isp lac ing mode l c o m p o u n d s of c o k e res idues on the acid sites in Naf ion. 
Introduction 
At the highest level of model ing , we choose Nafion, to 
model the interactions be tween the acidic sites and the Lewis 
bases: a lkene, a ldehyde, and diphenyl ether. This appears to be a 
very promising model system since the patent literature' 1 suggests 
that the solid acid can be regenerated using a s imple displacing 
agent, diphenyl ether. Moreover , the structure of Nafion is known 
(I) and the acidic site is very similar to that found in triflic acid (-
CF3SO3H). Finally, we have demonst ra ted that diphenyl ether is 
unreactive with itself in triflic acid; whereas , other ethers, such as 
diethyl ether and M T B E , will react in triflic acid.' Thus , we 
expect that diphenyl ether will be a good choice for a displacing 
agent. The identity of the " c o k e " which covers the surface is 
unknown; however , we may be able to s imulate the properties of 
this coke from a considerat ion of the most probably coke 
formation react ions. One possible react ion is that required for the 
formation of the mult iple alkylation products and another possible 
coke-forming reaction is the ol igomerizat ion of dodecene . Tasse t 1 
produced a coked Nafion catalyst by pass ing a feed rich in the 
olefin ( te t rapropylene/diphenyl ox ide = 10/1 mol/mol) so as to 
accelerate the coke-forming reactions. 
Results 
Model ing Nafion. W e can imagine a s imple model that captures the essential chemical properties of the 
solid Nafion: C F 3 ( C F 2 ) n C F 2 S 0 3 H where n can be adjusted. As a first trial, we will thermochemical 
properties for the Nafion model with n = 4 and 9. The free energy of d isp lacement of the Lewis base from 
the Nafion will be the criterion for judg ing how the value of n affects the thermochemica l propert ies. 
Geometry opt imizat ions will be completed using AM-1 in the Spartan ' 02 quantum mechanical package. 
( i ) 
Tasset , E. L., "Regenera t ion of Fluorocarbonsulfonic Acid Cata lys ts" , US Patent 4 ,800 ,286 (1989). 
' Sherman, S. C , private communica t ion , (2002) . 
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Lewis bases. The patent literature suggests that diphenyl oxide will r emove a coke residue from the surface 
of Nafion. As models for the coke residue we will use the fol lowing Lewis bases: 1) 1-dodecene; 2) 1,3-
dodecadiene ; and 3) hexylbenzene. 
Extract ing agents . The ethers dimethyl ether (DME) and diphenyl ether (DPE) will be considered as 
potential extract ing agents , E, for removing models for the coke residue from Nafion. 
Disp lacement react ions. The test reactions for these Lewis bases, L, for these extract ing agents , E, will be 
as follows: 
2) E + Nafion/L -» L + Naf ion/E; AG„„° =? 
The extract ing agent, E, will be considered encouraging if the d isp lacement reaction shows a free energy 
that is negative. Consider ing the uncertainty in the thermochemical propert ies of +/- 5 kcal /mole, we are 
expect ing free energies more negative than 10 kcal/mol as very encouraging. 
The results for these s imulat ions are shown in Tab le 1 for the model of Nafion where n = 4. All 
reactions show negative free energies of d isplacement (~ -6 and - 1 1 kcal /mol) and it appears that dimethyl 
ether shows the more negat ive free energies for the d isplacement of the Lewis base by about 5 kcal/mol. 
These calculat ions do not consider the free energy of solution for the Lewis bases into the ethers, which 
may explain why the patent literature does not ment ion the use of dimethyl ether as an extract ing agent. 
Table 1 Thermochemica l Propert ies for Disp lacement Reac t ions , kcal/mol 
D i s p l a c e m e n t R e a c t i o n s A H / A S / A G / 
1) D P E + Naf ion/dodecene --> dodecene + Naf ion/DPE -3.20 0.0121 -6.79 
2) D M E + Naf ion/dodecene - > dodecene + Naf ion /DME -8.32 0.0102 -11.37 
3) D P E + Naf ion/dodecadiene - > dodecadiene + Naf ion/DPE -2.74 0.0135 -6.76 
4) D M E + Naf ion/dodecadiene --> dodecadiene + Naf ion /DME -7.86 0.0117 -11.34 
5) D P E + Naf ion/hexylbenzene —> hexylbenzene + Naf ion /DPE -2.88 0.0097 -5.77 
6) D M E + Naf ion/hexylbenzene —> hexylbenzene + Naf ion /DME -8.00 0.0079 -10.35 
W e consider further these displacement reactions (Table 2) when the Lewis base is p - to lua ldehyde 
(p-tal) and for two models of the Nafion: C F 3 ( C F 2 ) n C F 2 S 0 3 H where n = 4 and 9. This last set of tests will 
determine the effect of Nafion model upon the extract ing agents dimethyl ether ( D M E ) and diphenyl ether 
(DPE) . For both models of Nafion (n = 4 or 9), the free energy of the replacement reaction is nearly the 
same (-0.8 to +0.7 and - 5 . 4 to - 5 . 0 kcal/mol) when the extract ing agent is d imethyl ether or diphenyl ether. 
Tab le 2 Effect of Nafion Model [ C F 3 ( C F 2 ) n C F 2 S 0 3 H ] upon the Disp lacement Reac t ions , kcal/mol 
n A H , 0 A S , 0 A G , 0 n A H , 0 A S , 0 A G , 0 
D P E + Nafion/p-tal --> p-tal + Naf ion /DPE = 2.33 0.0106 -0.82 = 1.937 0.0041 0.70 
D M E + Nafion/p-tal --> p-tal + Naf ion /DME 4 -2.79 0.0088 -5.40 9 -2 .804 0.0075 -5.03 
Whi le these free energies are within the error bars of the calculation from the value of 0 kcal /mol, these 
results suggest that some type of ether may warrant further testing for removing the product a ldehyde from 
the surface of a strongly acidic catalysts after reaction. Moreover , the posi t ive values for the entropies of 
the d isp lacement react ion suggest that the d isplacement may be favored by using temperatures above room 
temperature. 
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Executive Summary 
The m o d e l i n g by semi-empir ica l and ab initio methods reported last month was 
cont inued on ionic liquids derived from a luminum chloride, e thyl -methyl imidazo l ium 
chloride and HC1 gas to determine the tendency of these acidic s p e c i e s for forming 
adducts with p - to lua ldehyde and L e w i s bases such as d imethyl ether, acetaldehyde, and 
formaldehyde. T h e s e ab initio ca lculat ions s h o w e d that all o x y g e n a t e s m o d e l e d here 
appear to warrant further study as extracting agents . 
Introduction 
The present work is a imed at f inding an extracting agent that 1) preferentially 
adds to the L e w i s acidic A I C I 3 , and 2) which can be r e m o v e d from the L e w i s acid by a 
s imple heating protocol . The proposed extracting agents are as f o l l o w s : 1) trimethyl 
amine, 2) d imethyl ether, 3) aceta ldehyde, and 4 ) formaldehyde . For this report w e will 
s h o w the results of m o d e l i n g by ab initio methods the extraction with dimethyl ether, 
acetaldehyde, and formaldehyde . 
The semi-empir ica l calculat ions reported in the February 2 0 0 5 report s h o w e d that free 
energies of extraction of - 5 to - 7 kcal /mol using dimethyl ether, aceta ldehyde , or 
formaldehyde. W h i l e these results are encouraging , one must recogn ize the errors 
attending these ca lculat ions of +/ - 5 kcal /mol and thus it is appropriate to reproduce these 
calculat ions us ing higher- leve l , quantum mechanical methods , such as Hartree-Fock. 
Results 
Ab initio m o d e l predic t ions -oxygenated spec ies . Hartree-Fock ca lculat ions (Table 1) 
were c o m p l e t e d to determine the usefulness of o x y g e n a t e d s p e c i e s as extract ing agents 
for p- to lua ldehyde . A w e b site describes the accuracy of semi-empir ica l calculat ions for 
predicting the heats of formation.- 1 Al l , neutral organic c o m p o u n d s conta in ing C, H, N , 
and O atoms s h o w an average error of 4 .4 kcal /mol in the enthalpy of formation when 
using the P M 3 method. This uncertainty rises to 9.5 kcal /mol for predicting the enthalpy 
of formation of organic cat ions (such as the i m i d a z o l i u m cat ion) w h e n the P M 3 method 
was used. Thus , w e sugges t that an extraction of the a ldehyde m a y be poss ib le if the 
predicted free energy is more negat ive than 10 kca l /mo le for d i sp lacement p - to lua ldehyde 
by the extracting agent. Apparently all reactions in table 1 appear to be poss ib le 
' M O P A C 2002 Manua l : h t tp :cachesof tware .com/mopac /Mopac2002manual /node650 .h tml 
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according to these calculat ions s ince the smal lest free energy of reaction is - 2 2 kcal /mol . 
The speciat ion of the a luminum spec ies appears to play no s ignif icant role as the free 
energies of reaction for the dimer (reaction 1) and for the anion pair (reaction 1') are 
predicted within the error of the calculat ions (/. e., - 2 2 and - 2 5 kca l /mol are considered 
the same number) . T h e reason for this result m a y be seen more clearly w h e n w e examine 
the equi l ibrium structures of the spec ies invo lved in reactions (1) and ( ! ' ) , Figure 1. 
The left-hand panel , l - (a) s h o w s the equi l ibr ium g e o m e t r y after the H F 
calculation and not ice h o w long the bonds are be tween the Al and CI spec i e s are which 
sugges ts that the bond order is very l ow in these bonds . T h e right-hand panel, l - (b ) , 
s h o w s the opt imized geometry after the H F calculat ion beg inn ing with the anion pair. 
Aga in , it is o b v i o u s that the length between the Al and CI spec i e s precludes a bond. 
Thus , the presence of the a ldehyde apparently activates the Al -Cl bond in the dimer to 
g ive the anion pair with the a ldehyde inserted be tween the Al and CI spec i e s of the anion 
pair. 
Summary 
From these ab initio ca lculat ions , w e c o n c l u d e that formaldehyde ( H C H O ) , 
aceta ldehyde ( M e C H O ) and dimethyl ether ( M e O M e ) m a y warrant further consideration 
as extracting agents for /?-tolualdehyde/ ionic liquid. 
Table 1 Ab Initio Calculat ions for O x y g e n a t e s as Extract ing A g e n t s 
R e a c t i o n s 
(1) H C H O + E M I M + A I 2 C I 7 " H C I / p t a l - -> p ta l + E M I M + A I C I 4 " A I C I 3 - H C I - H C H O 
( V ) H C H O + E M I M + A I C I 4 " A I C I 3 - H C I / p t a l - -> pta l + E M I M + A I C I 4 " A I C I 3 - H C I - H C H O 
(2) M e C H O + E M I M + A I C I 4 " A I C I 3 - H C I / p t a l - -> pta l + E M I M + A I C I 4 " A l C I 3 - H C I - M e C H O 
(3) M e O M e + E M I M + A I C I 4 " A I C I 3 - H C I / p t a l - -> pta l + E M I M + A I C I 4 " A I C I 3 - H C I - M e O M e 
A H ° r AS° r A G ° r 
13.4 0 .021 -22 .3 
5.2 0 . 0 0 2 -25 .0 
-1 .6 0 . 0 2 4 -38 .2 
0.3 0 . 0 2 4 -36 .4 
k c a l / m o l 
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Executive Summary 
The m o d e l i n g by semi-empir ica l and ab initio m e t h o d s reported last month was 
cont inued on ionic l iquids derived from a luminum chloride, e thyl -methyl imidazo l ium 
chloride and HC1 gas to determine the tendency of these acidic spec i e s for forming 
adducts with p - to lua ldehyde and L e w i s bases such as trimethyl amine , protonated 
trimethyl amine chloride [ ( C H 3 ) 3 N H + C r ] and tetramethyl amine c h l o r i d e [ ( C H 3 ) 4 N + C r ] . 
These ab initio ca lculat ions s h o w e d that the protonated trimethyl amine chloride is not a 
viable candidate for experimental testing. T h e trimethyl amine and the tetramethyl amine 
chloride m a y warrant further testing by exper iment to conf irm the promis ing predict ions 
s h o w n here. 
Introduction 
T h e present work is a imed at f inding an extracting agent that 1) preferentially 
adds to the L e w i s acidic A I C I 3 , and 2) which can be r e m o v e d from the L e w i s acid by a 
s imple heating protocol . T h e proposed extracting agents are as f o l l o w s : 1) trimethyl 
amine, 2) dimethyl ether, 3) aceta ldehyde, and 4 ) formaldehyde . For this report w e will 
s h o w the results of m o d e l i n g by ab initio methods the extraction with trimethyl amine, 
the hydrochloride of trimethyl amine and tetramethyl amine chloride. T h e c h o i c e of the 
tetramethyl amine chloride is mot ivated by its s imilarity to the i m i d a z o l i u m chloride. W e 
found that i m i d a z o l i u m chloride was ef fect ive in d isplac ing p - to lua ldehyde from the 
acidic IL to form t w o phases , with the p- to lua ldehyde forming the top phase. 
Last month w e s h o w e d conf l ic t ing data on the usefulness of trimethyl amine as a 
successful extracting agent for recover ing p- to lua ldehyde from the IL used in toluene 
carbonylat ion. T h e predict ions from the semi-empir ica l A M I m o d e l s e e m e d to suggest 
that trimethyl amine cou ld displace p - to lua ldehyde from the IL; h o w e v e r , this result 
appeared to depend upon the w a y in which w e m o d e l e d the a luminum spec ies in the IL. 
That is to say, the free energy for the extraction of p - to lua ldehyde with trimethyl amine 
was more negat ive w h e n the a luminum spec ies was m o d e l e d with the anion pair (-12.3 
kcal /mol; A I C I 3 A I C I 4 " ) than when the spec ies was m o d e l e d as the anion dimer (-1.2 
kcal /mol; A I 2 C I 7 " ) . T h e negat ive , free energy of extraction by trimethyl amine was 
conf irmed by a Hartree-Fock prediction (-2.2 kca l /mol ) w h e n the a luminum spec ies was 
the dimer anion ( A I 2 C I 7 " ) . It is necessary to establish the effect of the a luminum 
speciat ion us ing the Hartree-Fock calculation. 
Last month w e proposed the use of a protonated trimethyl amine as an extracting 
agent. Both the semi-empir ica l and ab initio methods sugges ted that the protonated 
trimethyl amine was not favored as an extracting agent when the a luminum spec ies were 
m o d e l e d as the anionic dimer; however , the results of the semi-empir ica l method 
sugges ted protonated trimethyl amine cou ld be a promis ing extracting agent when the 
a luminum spec ies w a s m o d e l e d by the anion pair ( -15 .2 kca l /mol ; AICI3AICI4"). More 
work is needed to determine if a protonated trimethyl amine cou ld be a candidate for 
further experimental work. 
Results 
Ab initio mode l predic t ions-methylamines . T w o more Hartree-Fock calculat ions (Table 
1) were c o m p l e t e d to determine the effect of protonated trimethyl amine versus 
unprotonated trimethyl amine (equations 1 and 2) . T h e ab initio predict ion for reaction 2 
was repeated starting from a different initial geometry (2 ' ) to conf irm that the final 
structure was equil ibrated and not a function of the starting geometry . The results of 
these three calculat ions ( 1 , 2, & 2' ) sugges ted that protonated trimethyl amine is not a 
g o o d extracting agent s ince the free energy of reaction w a s pos i t ive . S o m e c o m m e n t is 
necessary regarding the accuracy of these calculat ions . A w e b site descr ibes the accuracy 
of semi-empirical calculations for predicting the heats o f format ion . k A l l , neutral organic 
c o m p o u n d s containing C, H, N , and O atoms s h o w an average error of 4 .4 kcal /mol in the 
enthalpy of formation when us ing the P M 3 mthod. This uncertainty rises to 9.5 kcal /mol 
for predicting the enthalpy of formation of organic cat ions (such as the imidazo l ium 
cation) when the P M 3 m e t h o d was used. Thus , w e sugges t that an extraction of the 
a ldehyde m a y be poss ib le if the predicted free energy is more negat ive than 10 kca l /mole 
for d i sp lacement p - to lua ldehyde by the extracting agent. Thus , reaction (1) m a y be 
quest ionable s ince its free energy of reaction is on ly - 2 kca l /mol . On the other hand, the 
free energies were + 1 0 - 3 8 kcal /mol for reactions (2 -4 ) sugges t ing that these reactions will 
not occur and thus the trimethyl amine hydrochloride is probably not a g o o d extracting 
agent and it m a y warrant further experimental testing to conf irm this prediction (vide 
infra). 
A calculat ion w a s c o m p l e t e d using the a luminum anion pair as the structure for 
the a luminum spec i e s (reaction 3) . This prediction also s h o w e d a pos i t ive free energy of 
reaction ( + 3 7 . 7 kca l /mol ) sugges t ing that the protonated trimethyl amine w a s not a 
candidate for extraction. W e tried again to predict the e f f i cacy of protonated trimethyl 
amine (reaction 4 ) by using the alternative structure of the a luminum anion (/. e., using 
the anion pair: A1C1 3HC1A1C1 4") and starting with C 1 H + ~ N ( C H 3 ) 3 instead of HC1 and 
N (CH3 )3 . The result of this additional calculat ion ( A G r x n = + 9 . 6 kca l /mol ) s h o w e d that 
the protonated tr imethylamine is not a g o o d extracting agent, regardless of the a luminum 
speciation and regardless of the starting amine . Thus , it appears that further work with 
the trimethyl amine hydrochloride m a y not be warranted. 
W e were interested in studying another amine spec ies which w a s the tetra-alkyl 
amine chlorides as d isplac ing agents. The mot ivat ion for this c lass of c o m p o u n d s arises 
k
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from our exper ience us ing the d ia lky l imidazo l ium chlorides as L e w i s bases and our 
exper ience with triflate salts of tetra-alkyl amines as drying agents for wet triflic acid. 1 
As a final trial, w e used tetramethylamine chloride as the extracting agent (reaction 5) to 
displace p - to lua ldehyde and the free energy of reaction was favorable: -25 .5 kcal /mol . 
The large negat ive free energy of this reaction is wel l outs ide the error anticipated for 
organic cat ions which further increases our interest in this result. 
Table 1 Ab initio mode l predictions (all energies are reported in kca l /mol ) 
U s i n g H a r t r e e F o c k g e o m e t r y o p t i m i z a t i o n / A M - 1 S i n g l e P o i n t E n e r g y A H ° „ n A S rxn AG°o<n 
1) N ( C H 3 ) 3 + p - t a l / E M I C / A I 2 C I 7 " H C I - -> p - ta l + N ( C H 3 ) 3 / E M I C / A I 2 C I 7 ' H C I - 1 . 2 0 3 0 . 0 0 6 1 7 8 - 2 . 1 2 9 7 
2 ) N ( C H 3 ) 3 + HCI + E M I M + / A I 2 C I 7 H C I 7 p - t a l - -> p- ta l + C I H - N ( C H 3 ) 3 / E M I M 7 A I 2 C I 7 H C r 1 0 . 7 4 8 - 0 . 0 3 1 7 1 1 5 . 5 0 4 5 
2 ' ) N ( C H 3 ) 3 + HCI + E M I M 7 A I 2 C I 7 H C I 7 p - t a l - > p- ta l + C I H - N ( C H 3 ) 3 / E M I M + / A I 2 C I 7 H C I ' 1 1 . 0 1 3 - 0 . 0 3 9 9 0 5 1 6 . 9 9 8 7 5 
3 ) N ( C H 3 ) 3 + H C I + E M I M V A I C U H C r A I C I a / p - t a l - -> p - ta l + C I H - N ( C H 3 ) 3 / E M I M 7 A I C I 4 H C I " A I C I 3 3 4 . 2 8 4 - 0 . 0 2 2 8 4 9 3 7 . 7 1 1 3 5 
4 ) C m + N ( C H 3 ) 3 + E M I M V A I C U H C I ' A I C I a / p - t a l - -> p- ta l + CIH-N(CH3)3/EMIM7AICUMCrAICI3 1 1 . 6 4 7 0 . 0 1 3 3 9 . 6 5 2 
5 ) C I " N ( C H 3 ) 4 + E M I M ' A I C U H C I A I C I a / p - t a l - > p- ta l + C I - N ( C H 3 ) V E M I M + A I C I 4 H C r A I C I 3 - 2 4 . 6 8 9 0 . 0 0 5 2 1 7 - 2 5 . 4 7 1 5 5 
Summary 
From these ab initio ca lculat ions , w e conc lude that tetramethylamine chloride and 
tr imethylamine m a y warrant further considerat ion as an extracting agent for p-
to lualdehyde/ ionic l iquid, but the tr imethylamine hydrochloride d o e s not appear to hold 
out m u c h promise as an extractant for this p - to lua ldehyde / IL sys tem. 
Xu, B . Q., D. S. Sood, L. T. Ge lbaum, and M. G. Whi te , J. Catal. 186, 345-52 (1999) . 
45 
Monthly Progress Report to BP (February, 2005) 
Modeling Strong Acids as Hydrocarbon Conversion Agents 
Mark G. Whi te , President 
A d v a n c e d Materials W I T e c h n o l o g i e s , Inc. 
1548 Lake Ko inon ia Dr ive 
W o o d s t o c k , G A 3 0 1 8 9 
Executive Summary 
Semi-empir ica l and ab initio m o d e l i n g w a s c o m p l e t e d on ionic l iquids derived 
from a luminum chloride , e thyl -methyl i m i d a z o l i u m chloride and HCI gas to determine 
the tendency of these acidic spec ies for forming adducts with p - to lua ldehyde and L e w i s 
bases such as trimethyl amine , dimethyl ether, aceta ldehyde , and formaldehyde . T h e s e 
strong acids were chosen , as they are a mode l for a strong L e w i s and Bronsted acid pair 
that is often observed in commerc ia l catalysts . The a luminum is the seat of the L e w i s 
acidity; whereas , the HCI provides strong Bronsted acidity. Last month w e s h o w e d how 
trimethyl amine interacted strongly with tr i f luoromethanesulfonic acid, a strong Bronsted 
acid, to s h o w a heat of m i x i n g that was predicted by M O P A C to be much larger than the 
heat of mixing predicted for triflic acid with p - to lua ldehyde . The results shown here for 
the IL s y s t e m also s h o w s that trimethyl amine has a high heat of adduct formation and a 
negat ive free energy of formation, w h i c h is relevant to quest ion of, adduct formation. 
W h e n compared to the predict ions for adduct formation with p - to lua ldehyde , both the 
semi-empir ica l and the ab initio methods s h o w energies of reaction that could be 
interpreted to sugges t that trimethyl amine cou ld displace p - to lua ldehyde from the IL. 
Similar results were found for the other L e w i s bases: dimethyl ether, aceta ldehyde and 
formaldehyde. M o r e work will be necessary to build conf idence in these predictions. 
Introduction 
W e have used chloroaluminate , ionic l iquids as convers ion agents for the room-
temperature carbonylat ion of t o l u e n e . m T h e s e IL's were g o o d so lvents for a luminum 
chloride, C O , to luene and HCI so that the carbonylat ion cou ld be c o m p l e t e d at room 
temperature and m o d e s t C O pressures; however , the to lualdehyde product cou ld not be 
easi ly r e m o v e d from the acidic IL's . W e s h o w e d that the to lua ldehyde cou ld be almost 
comple ted recovered w h e n enough of the organic cation (disubstituted imidazo l ium 
chloride) w a s added to just neutralize the L e w i s acid melt . A l t h o u g h this result was 
encouraging , this method of releasing the a ldehyde from the IL w a s not commerc ia l ly 
feasible . T h e results of this test ing together with the mos t recent results sugges t to us that 
the to lualdehyde is probably sequestered by a luminum chloride not assoc iated with a 
chloride anion. T h e present work is a imed at f inding an extracting agent that 1) 
preferentially adds to the L e w i s acidic AICI3 , and 2) which can be r e m o v e d from the 
L e w i s acid by a s imple heating protocol . The proposed extracting agents are as fo l lows: 
1) trimethyl amine , 2) dimethyl ether, 3) aceta ldehyde, and 4 ) formaldehyde . In addition, 
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w e will e x a m i n e the hydrochloride of trimethyl amine s ince it is functional ly similar to 
the imidazo l ium chloride that w a s ef fect ive in displac ing p - to lua ldehyde from the acidic 
IL to form t w o phases , with the p- to lua ldehyde forming the top phase. 
Results 
The acidic IL's derived from AICI3 and ethyl-methyl i m i d a z o l i u m chloride (2 
moles AICI3/I m o l e of EMLM-C1) have been used as convers ion agents for toluene 
carbonylation. 1 '" A s with the other strong acids , water must be added to release the 
product from the convers ion agent and in so doing, the water destroys the IL. In this 
work, w e wil l calculate the free energies assoc iated with forming an adduct between p -
to lualdehyde and the IL and calculate the energy c h a n g e s assoc iated with adding 
trimethyl amine to this sy s t em either as the free amine or as the hydrochloride (Cl-H-
N ( C H 3 ) 3 . Other candidates for the adduct inc lude dimethyl ether, aceta ldehyde , and 
formaldehyde. 
M o d e l i n g the structure of the acidic IL's . T h e structure of ionic l iquids is not known 
with certainty as it is a quest ion still open to debate in the literature. W h i l e N M R might 
appear to shed light on the molecular environment , the structure and speciat ion of the Al 
27 
anions cannot be spec i f ied yet. A l - N M R of the neat neutral IL (s to ichiometric in AICI3 
and i m i d a z o l i u m chloride) s h o w s a s ingle , very sharp resonance . T h e IL's s h o w two 
sharp resonances (one large and one very smal l ) , which are separated by 10 p p m when 
only a sl ight e x c e s s of AICI3 is present (10%). T h e s e t w o resonances systematical ly 
grow wider and have heights which change proportionally as e x c e s s AICI3 w a s added 
( 2 5 - 5 0 % e x c e s s ) and merge into a symmetr ic , broad peak for IL's that are acidic (i.e., 
100% e x c e s s a luminum chloride) . T h e s e N M R results sugges t that a dynamic 
equil ibrium exists be tween t w o structures having different Al env ironments . This 
equil ibrium is speculated to be as fo l lows: 
[AI2CI7]1" O [AICI3-AICI4]1" 
W h i l e the structure of the cation is unambiguous [disubstituted e t h y l - m e t h y l - l H -
imidazo l ium chloride (EMLM+C1")J, two m o d e l s of the anion can be imagined. One 
model of the acidic chloroaluminate IL's f o l l o w s the line of research initially used by 
others in m o d e l i n g the s a m e IL that was not in contact with HC1.° T h e first m o d e l p is the 
dimeric [AI2CI7 HC1] 1 " anion and the second mode l is the pair q o f a luminum species: 
[HC1-A1C1 3 -A1C1 4 ] N . Thus , the IL will be constructed from m o d e l s that w e reported 
recently in the AIChE Journal and the most recent manuscript that w e are n o w wri t ing 4 ' 5 . 
S h o w n in Figure 1 is the posi t ion of the p - to lua ldehyde after the energy 
minimizat ion to find the o p t i m u m geometry . N o t i c e , here that the dimeric a luminum 
anion was used to construct the IL and that HC1 has been placed on this d imer to produce 
n
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the [AI2CI7HCI]"1 structure. T h e other m o d e l of the anion is s h o w n in Figure 2 where the 
chloroaluminate anion is the pair: [ H C I - A I C I 3 - A I C I 4 ] 1 " . This mode l is proposed to 
27 
explain the A l - N M R data that w e have co l l ec ted for a neat, ac idic , IL where the 
A l / i m i d a z o l i u m ratio is 2 m o l e / m o l . 
Quantum mechanica l methods . T h e s y s t e m s will be m o d e l e d by the A M - 1 semi-
empirical mode l and the Hartree-Fock ab initio method [ 3 - 2 1 ( G * ) bas is set] for geometry 
optimizat ion of the individual spec ie s that might be used to construct the adducts. This 
lower level for the basis set w a s chosen initially to find opt imizat ions in a reasonable 
period of t ime. Subsequent ly , thermodynamic properties for these op t imized geometr ies 
will be determined us ing A M - 1 model in a s ingle point energy calculat ion (SPE) . The 
approach is to determine the geometr ies and energies for the s y s t e m s as a sequence of 
s toichiometric reactions that produce the adducts of interest. W e are interested in f inding 
sys tem(s ) that wil l break the adduct be tween the IL and the product: p - to lua ldehyde . 
Figure J Model of acidic IL with p- to lua ldehyde (dimeric a luminum anion) 
48 
Figure 2 Mode l of acidic IL with p- to lualdehyde (a luminum anion pair) 
W e n o w mode l the interaction of the amine with the p -
to lua ldehyde /EMIMVfA^ClgH]" IL by the f o l l o w i n g reaction to determine the l ike l ihood 
that the amine wi l l d isplace the a ldehyde from the IL. W e use the stoichiometric 
description [A^ClgH]" to represent either the dimeric mode l of the a luminum anion or the 
a luminum pair structure. 
trimethyl amine + / ? - t o l u a l d e h y d e / E M I M + / [ A l 2 C l 8 H ] " -> 
p- to lua ldehyde + t r i m e t h y l a m i n e / E M I M + / [ A l 2 C l 8 H ] " (1) 
React ion (1) is the d i sp lacement reaction that one might want to ach ieve so as to recover 
p- to lua ldehyde from the IL. The resulting adduct with trimethyl amine c o u l d be dist i l led 
to r e m o v e the amine without caus ing a condensat ion reaction to occur w h i c h is observed 
when one tries to distill the p - to lua ldehyde from a reaction mixture conta in ing toluene. 
One more considerat ion is the use of the hydrochloride salt of trimethyl amine as 
a displac ing agent. T h e relevant reaction is: 
C 1 H + N ( C H 3 ) 3 + p - t o l u a l d e h y d e / E M I M + / [ A l 2 C l 8 H ] " 
p- to lua ldehyde + t r i m e t h y l a m i n e - H C l / E M M V [ A l 2 C l 8 H ] " (2) 
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The use of the hydrochloride salt as a d isplac ing agent for the to lua ldehyde f o l l o w s from 
the earlier results where the a ldehyde was forced to form a s econd l iquid phase when the 
imidazo l ium chloride w a s added to form the neutral IL. The formation of the adduct 
be tween the hydrochloride salt of trimethyl amine and the IL is s h o w n in Figure 3 . It was 
observed that the HC1 m o l e c u l e m o v e d a w a y from the amine salt as the adduct was 
formed with the IL. 
Figure 3 A M - 1 model of HCl-sal t of tr imethyl amine with IL 
W e determine the energ ies of formation from the opt imized geometr ie s for each 
spec ies in this reaction (p-to lualdehyde, E M I M + / A l 2 C l 7 H C r and p- to lua ldehyde / 
E M I M V A I 2 C I 7 H C O and then calculate the energies o f reaction and the equrlibrium 
constants by the fo l lowing: 
A H r x n ° = Z V i A H A ; A S r x n ° = EViASfi; A G r x n ° = A H r x n ° - T A S r x n ° 
K e q u i i = e x p ( - A G r x n ° / R T ) 
All of the energies were calculated in kcal /mol and the temperature used in determining 
the equi l ibrium constant was degrees Ke lv in . T h e gas constant used in the equil ibrium 
equation w a s 1.987 ca l /mol -K. 
M o d e l predict ions. T h e results of the calculat ions are s h o w n in Table 1 us ing the semi-
empirical A M - 1 mode l (Table 1-a) and the Hartree-Fock method (Table 1-b). Consider 
first the semi-empir ica l calculat ions for the d i sp lacement of p- to lua ldehyde from the IL, 
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m o d e l e d by the [ A I 2 C I 7 H C I ] " 1 anion, as a result of the action by trimethyl amine (reaction 
1 in Table 1-a). Th i s calculat ion sugges t s that the d i sp lacement reaction is on ly sl ightly 
favored with a standard free energy of reaction of - 1 . 2 1 kca l /mol and with a heat of 
reaction ~ -1 .1 kca l /mol . W e repeated this s imulat ion o f the d i sp lacement reaction using 
the pair mode l for the a luminum anion [ H C I - A I C I 3 - A I C I 4 ] " 1 , reaction 2 , Table 1-a. The 
pair mode l for the a luminum anion s h o w e d a free energy of reaction - 1 2 . 3 kcal /mol with 
a heat of reaction of - 1 4 . 7 kcal /mol . It is rather surprising that this subtle change in 
structure w o u l d result in a rather larger change in the thermochemica l energies . N e x t , w e 
repeated these calculat ions for d i sp lacement of p - to lua ldehyde us ing the hydrochloride of 
trimethyl amine via the dimeric a luminum anion (reaction 3 , Table 1-a) and the 
a luminum anion pair (reaction 4 , Table 1-a). T h e hydrochloride/trimethyl amine could be 
a better d isplac ing agent ( A G ° r x n = - 2 0 . 9 vs. - 1 4 . 7 kca l /mol ) or a w o r s e agent (+3 .03 vs. -
1.21 kca l /mol ) than trimethyl amine depending upon the structure used to mode l the 
a luminum anion (dimeric or pair). T h e s e results sugges t that the tr imethylamine or its 
hydrochloride might replace the p- to lua ldehyde as s h o w n by the results of reactions ( 1 -
4) . In the same table, w e s h o w the equi l ibrium constants that attend these reactions at 
temperatures of 150 , 2 0 0 , and 3 0 0 K. W e purposeful ly p icked rather low temperatures to 
determine if l ower ing the temperature w o u l d improve the replacement reaction s ince it is 
speculated that all of these reactions are exothermic . Indeed, l ower ing the temperature 
favors all of the reactions as might be expec ted from a considerat ion of the exothermic 
nature of all reactions; h o w e v e r , the benefits for lower ing the temperature b e l o w room 
condi t ions are not really c o m p e l l i n g w h e n one cons iders the cost of producing these very 
low temperatures. 
The results are also s h o w n for us ing the ab initio m e t h o d to find the opt imized 
geometry f o l l o w e d by est imat ing the energies us ing a s ingle point energy calculat ion by 
the A M - 1 m e t h o d (Table 1-b) for reactions (1) and (3) . The Hartree-Fock calculat ions 
require - 1 5 hours each to comple te on a laptop computer ( I B M T 4 2 ) . T h e Hartree-Fock 
calculat ions appeared to reproduce values of the thermochemica l energ ies predicted by 
A M - 1 geometry opt imizat ion for reaction (1) but not for reaction (3) . That is , the free 
energy for reaction (1) w a s predicted to be - 1 . 2 and - 2 . 1 kca l /mol us ing either A M - 1 or 
Hartree-Fock methods , respect ive ly , to find the opt imized geometry . On the other hand, 
the free energ ies predicted for reaction (3) by the A M - 1 and Hartree-Fock methods were 
+3 and + 1 6 kca l /mol . T h e s e latter results sugges t that both methods conf irm that the 
H C l - t r i m e t h y l a m i n e m a y not be a g o o d extracting agent if the a l u m i n u m speciat ion is 
that of a d imer ( H C I - A ^ C I t ) " 1 rather than the pair ( A I C I 3 - H C I - A I C I 4 ) " 1 . Addit ional 
calculat ions for reactions (2) and (4) will be c o m p l e t e d at the Hartree-Fock level . 
Addit ional calculat ions were c o m p l e t e d on the f o l l o w i n g extracting agents: 
dimethyl ether ( M e O M e ) , aceta ldehyde ( C H 3 C H O ) , and formaldehyde ( H C H O ) us ing the 
A M - 1 semi-empir ica l m e t h o d (Table 2) . T h e extracting react ions were as f o l l o w s : 
M e O M e + p - t o l u a l d e h y d e / B M I M + / A l 2 C l 7 H C r ^ 
p- to lua ldehyde + M e O M e / B M I M + / A l 2 C l 7 H C r (5) 
M e C H O + p - t o l u a l d e h y d e / B M I M + / A l 2 C l 7 H C r - > 
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p-to lua ldehyde + M e C H O / B M I M + / A l 2 C l 7 H C T (6) 
H C H O + p - t o l u a l d e h y d e / B M I M + / A l 2 C l 7 H C r -> 
p-to lua ldehyde + H C H 0 / B M I M + / A 1 2 C 1 7 H C 1 " (7) 
These results s h o w negat ive free energies for the react ions (-5 to - 7 kca l /mol ) 
described by equat ions 5-7 thereby sugges t ing that these three spec i e s might be additional 
extracting agents to cons ider for further calculat ions using the Hartree-Fock method. 
Summary 
Taken together, these studies sugges t encouragement for more work using 
higher-level ca lculat ions and poss ib ly s o m e experimental measurements at a later date to 
confirm the m o s t favorable results. 
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Table 1-a A M - 1 calculat ions for tr imethylamine and p- to lua ldehyde with 
E M I M + / [ A 1 2 C 1 8 H ] ~ 
k c a l / m o l c a l / m o l - K k c a l / m o l K @ T , K 
U s i n g A M - 1 g e o m e t r y o p t i m i z a t i o n AH°nn AS°„n AG 0 ™ 1 5 0 2 0 0 3 0 0 
1 N ( C H 3 ) 3 + p - t a l / E M I M 7 A I 2 C I 7 ' H C I - > p - t a l + N ( C H 3 ) 3 / E M I M 7 A I 2 C I 7 ' H C I - 1 . 0 6 7 0 . 0 0 0 9 2 9 - 1 . 2 0 6 3 5 5 . 7 3 E + 0 1 2 . 3 4 E + 0 1 9 . 5 6 E + 0 0 
2 N ( C H 3 ) 3 + p- ta l /EMIM7AICl4AICI 3 "HCI- -> p - t a l + N ( C H 3 ) 3 / E M I M 7 A I C I 4 ' H C I A I C I 3 - 1 4 . 6 8 8 - 0 . 0 1 5 6 9 9 - 1 2 . 3 3 3 1 5 9 . 3 5 E + 1 7 4 . 1 7 E + 1 2 1 . 8 6 E + 0 7 
3 N ( C H 3 ) 3 + H C I + E M I M 7 A I 2 C I 7 H C I 7 p t a l - > p - t a l + C I H - N ( C H 3 ) 3 / E M I M 7 A I 2 C I 7 H C r - 0 . 1 9 6 - 0 . 0 2 1 4 9 8 3 . 0 2 8 7 3 . 8 6 E - 0 5 3 . 2 8 E - 0 5 2 . 7 8 E - 0 5 
4 N ( C H 3 ) 3 + H C I + E M I M 7 A I C I 4 H C I " A I C I 3 / p t a l - - > p - t a l + C I H - N ( C H 3 ) 3 / E M I M 7 A I C I 4 H C I " A I C I 3 - 2 0 . 8 9 6 - 0 . 0 3 8 1 4 7 - 1 5 . 1 7 3 9 5 1 . 2 9 E + 2 2 3 . 1 5 E + 1 4 7 . 7 0 E + 0 6 
Table 1-b Hartree-Fock calculat ions for tr imethylamine and p - to lua ldehyde with 
E M I M + / [ A l 2 C l 8 H ] " 
k c a l / m o l c a l / m o l - K k c a l / m o l K @ T , K 
U s i n g H F g e o m e t r y o p t i m i z a t i o n / A M - 1 S P E AH° r x n A S ° r x n AG° r a n 150 2 0 0 3 0 0 
1 N ( C H 3 ) 3 + p - t a l / E M I C / A I 2 C I / H C I - - > p - t a l + N ( C H 3 ) 3 / E M I C / A I 2 C l 7 " H C I - 1 . 2 0 3 0 . 0 0 6 1 7 8 - 2 . 1 2 9 7 1 . 2 7 E + 0 3 4 . 6 2 E + 0 2 1 . 6 9 E + 0 2 
3 N ( C H 3 ) 3 + H C I + E M I M 7 A I 2 C I 7 H C I 7 p - t a l - - > p - t a l + C I H - ( C H 3 ) 3 / E M I M 7 A I 2 C I 7 H C I " 1 2 . 0 1 - 0 . 0 3 0 3 1 6 . 5 5 7 . 5 5 E - 2 5 1 . 7 9 E - 2 0 4 . 2 6 E - 1 6 
Table 2 Free Energ ies of React ion 
E x t r a c t i n g a g e n t A G ° r x n , k c a l / m o l 
M e O M e - 5 . 2 5 7 7 9 
M e C H O - 6 . 9 9 2 4 4 
H C H O - 6 . 2 3 6 5 4 
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Modeling Strong Acids as Hydrocarbon Conversion Agents 
Ab initio mode l ing . Our earlier attempts 
were less than success fu l in m o d e l i n g the 
thermodynamic properties of H F / B F 3 
mixtures us ing the semi-empirical 
molecular m o d e l i n g programs such as 
A M - 1 , P M 3 , and M N D O . The enthalpies 
of free energ ies of formation for HF, B F 3 
and H F / B F 3 mixtures were est imated using 
the Hartree-Fock, ab initio method (Table 
1). T h e basis set w a s the Slater type 
orbitals ( S T O - 3 G ) . T h e s e calculat ions 
were c o m p l e t e d for e n s e m b l e s of 1, 2, 3 , 
and 4 m o l e c u l e s of HF, B F 3 and the pair 
H F / B F 3 . The predicted enthalpies of these 
e n s e m b l e s increased sl ightly with 
increasing s ize of the e n s e m b l e (n = l - > 
1 2 
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Executive Summary 
High level , ab initio m o d e l i n g w a s c o m p l e t e d on smal l e n s e m b l e s of H F / B F 3 in 
an attempt to predict with higher accuracy the free energ ies of mix ing . S o m e 
improvements in accuracy were real ized but not commensurate with the much longer 
time required for the calculat ions . It is s imply not feasible to mode l l iquid mixtures of 
product a ldehyde with H F / B F 3 us ing ab initio methods . T h e A M - 1 semi-empirical 
method was used to predict the free energy and enthalpy o f m i x i n g for ternary mixtures 
of H F / B F 3 / p - t o l u a l d e y d e as to study the variation in these energy funct ions as H F was 
removed from the mixture. This m o d e l i n g w a s mot ivated by the commerc ia l practice of 
first r emov ing TTF from the product mixture before the a ldehyde w a s dist i l led from the 
remaining l iquid. Our m o d e l i n g s h o w e d that non-monoton ic c h a n g e s in the free energy 
and enthalpy of m i x i n g attended the s tepwise removal of H F from the mixture. For 
certain changes in the concentrat ions of H F in the mixture, the free energy actually 
increased sugges t ing that phase separation could attend these variations in the H F 
concentrations. Final ly , w e s h o w s o m e previous M O P A C est imates of the heat of mix ing 
that were comple ted s o as to 1) understand calorimetric data w e had c o m p i l e d for the 
mix ing of triflic acid with such bases as water, p- to lualdehyde and tetrahydrofuran, and 
2) to mot ivate additional considerat ion for replacing water as a work-up agent with other 
agents such as trimethyl amine , acetic acid, and carbon d iox ide . 
Results 
4); whereas the predicted free energies of formation increased with increasing ensemble 
s ize (Table 1). H o w e v e r , the energies of solvat ion of H F with B F 3 decreased with 
increasing e n s e m b l e s ize (Table 1 and Figure 1). A s the e n s e m b l e s i ze increased to 3 
and 4 m o l e c u l e pairs, the enthalpy of solvat ion b e c a m e s l ight ly negat ive and the free 
energy of so lvat ion b e c a m e a value near 1 kcal /mol . 
W e may compare these es t imates of liquid properties with that reported in the 
literature. The literature va lue r for the free energy of l iquid B F 3 at 2 9 8 K is - 5 7 . 5 
kcal /mol; whereas , the est imate value of this free energy 1 0 - 1 2 kca l /mol . Compare this 
est imate with that w e reported from the semi-empir ica l methods where the free energy of 
liquid B F 3 w a s es t imated to be - 2 8 5 kca l /mo l . s The Hartree Fock , ab initio method 
appears to c o m e c loser to the literature value for the free energy of l iquid B F 3 than that 
predicted by the semi-empir ica l method; however , the ab initio va lue is still not very 
good . Moreover , the C P U time required is 1 hour to model these e n s e m b l e s having 4-8 
m o l e c u l e s . The t ime required for m o d e l i n g b e c o m e s very long w h e n to lualdehyde is 
added to this mixture. 
Table 1 Predicted T h e r m o d y n a m i c Properties of HF, B F 3 , and H F / B F 3 
E n t h a l p y , k c a l / m o l : n = 1 2 3 4 
B F 3 10 .66 11.21 11 .69 11 .82 
H F 7 . 2 8 7 7 .772 7 .919 8 . 9 7 4 
H F - B F 3 19 .85 2 0 . 3 0 2 0 . 8 6 2 0 . 6 9 
SVjAHj/n 1.903 1.319 1.253 - 0 . 1 1 2 
F ree E n e r g y , k c a l / m o l 1 2 CO 4 
B F 3 - 7 . 4 4 2 - 2 . 2 6 0 1.186 2 .131 
H F -5 .09 - 0 . 4 7 0 1.795 2 . 5 4 8 
H F - B F 3 -2 .20 5 .00 7 .546 8 .372 
SViAGi 10 .34 3 .87 1.52 0 . 9 2 3 
A M - 1 M o d e l i n g . W e attempted to mode l the to luene carbonylat ion process produced 
from the action of H F / B F 3 by first predicting thermodynamic properties of mixtures of 
FIF/BF 3 with p- to lua ldehyde at r o o m temperature and pressure. O n e of the goa l s of this 
m o d e l i n g w a s to understand h o w the enthalpy and free energy of the mixture changed 
with the H F content at constant values of the B F 3 content . T o accompl i sh this goal , w e 
c h o o s e an e n s e m b l e that contained 1 m o l e c u l e of p - to lua ldehyde , 4 m o l e c u l e s of B F 3 and 
n m o l e c u l e s of H F for wh ich n varied b e t w e e n 0 and 5. This e n s e m b l e s i ze was 
mot ivated from a description of the process by which toluene w a s carbonylated by 
FTF/BF 3 (vide infra). 
r
 L a n g e ' s H a n d b o o k of Chemis t ry , 1 2 t h Edi t ion, Ed. by J. A. Dean. McGraw-Hi l l Book C o m p a n y , (1979). 
s
 White , M. G., Month ly Progress Repor t to B P - A m o c o (November 2004) , "Mode l ing Strong Acids as 
Hydrocarbon Convers ion Agents" . 
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Consider the description of the HF/BF3 process that is the convers ion agent for 
carbonylat ion of to luene to form tolualdehyde. ' The product a ldehyde is a weak L e w i s 
base o w i n g to the lone-pairs of e lectrons on the o x y g e n . Al l of the to luene substrate is 
c o m b i n e d with all of the H F and only part of the BF3 required to initiate the reaction. T o 
this mixture is added C O gas so as to convert a part of the to luene to to lualdehyde by a 
s to ichiometric reaction with B F 3 . This product mixture is then c o m b i n e d with the 
remaining B F 3 to c o m p l e t e the reaction. T h e HF/substrate ratio is 5-6 m o l / m o l toluene; 
whereas , the BF3/substrate ratio is 1-1.5 m o l / m o l to luene and the reaction is kept at 273 
K. A catalytic c y c l e for this sy s t em can be produced provided that the H F and BF3 is 
separated from the product mixture which m a y be ach ieved in a disti l lation apparatus 
where the temperature of the mixture is raised to 110°C. At this temperature, the vapor 
pressure of the sys tem is about 3 atm. T h e c o m p l e x be tween the a ldehyde product and 
the HF/BF3 is broken as a result of the high vapor pressure of the acid components . 
Usual ly , HF is f lashed from the mixture at relatively l o w temperatures, leaving the 
c o m p l e x between the aldehyde/BF3 to be broken at higher temperatures. T w o distillation 
c o l u m n s can be used so as to remove H F in the first co lumn f o l l o w e d by a second co lumn 
to break the L e w i s ac id /Lewis base c o m p l e x . Therefore, one cou ld mode l the breaking of 
the product a ldehyde from the HF/BF3 convers ion agent by construct ing an e n s e m b l e of 2 
to lualdehyde, 3 B F 3 m o l e c u l e s (BF3/substrate = 1.5), 10 H F m o l e c u l e s . 
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Figure 2 Enthalpy and Free Energy of Mixing 
T h e results of this m o d e l i n g 
efforts (Figure 2) s h o w that the 
enthalpy and free energy of m i x i n g p-
to lualdehyde with HF/BF3 exper ience 
m a x i m u m and m i n i m u m values for 
varying the H F content of the mixture 
on the range of H F m o l e fraction 
be tween 0 (all H F dist i l led) and 0 .67 
(starting c o m p o s i t i o n c o m i n g from 
reactor where H F / B F 3 ratio = 10 
m o l e s / 3 m o l e s with 2 m o l e s of p-
to lualdehyde) . Prev ious comparisons 
of predicted free energ ies and observed 
values for l iquids s h o w that the A M - 1 
program d o e s not predict wel l the 
absolute value of the free energy of a 
liquid. H o w e v e r , the change in free 
energy as one c h a n g e s the compos i t ion 
may be accurately predicted using this 
program. If w e use the relative values 
of the free energy of m i x i n g in relation 
to the values at xhf = 0, then it may be 
poss ib le to interpret these results. 
1
 Fuj iyama, et al.: "Process for producing p- to lua ldehyde" , U S Patent 3 ,948,998 (1976) ; "Process for 
purifying p - to lua ldehyde" US Patent 3 ,956,394 (1976) ; "Method for decompos ing an aromat ic a ldehyde-
hydrogen f luoride-boron trifluoride complex" , U S Patent 3 ,988,424 (1976); 
56 
2 5 . 0 0 
o 
I 2 0 . 0 0 
o 
* 1 5 . 0 0 
c 
* 1 0 . 0 0 
> 
at 
ai c 
UJ 
0) 0) 
5 . 0 0 
0 . 0 0 
- 5 . 0 0 
- 1 0 . 0 0 
- 1 5 . 0 0 
— 4 Xf I fej _ 
1 I 
) : 0 . 2 0 . 4 0 . f 0 
H F mole fraction 
Figure 3 Relat ive Free Energy of Mixing 
O n e interpretation of 
these results is that a phase 
separation m a y be poss ib le as H F 
is dist i l led from the mixture, 
which is a c c o m p l i s h e d in the first 
disti l lation c o l u m n in the 
cont inuous product recovery 
sys tem. Cons ider the relative 
values of the free energy of 
m i x i n g c o m p u t e d for this sys tem 
as in Figure 3 , b lue line. Here, 
w e cons ider on ly the changes in 
the free energy of m i x i n g equal 
to zero for a m i x i n g containing 
no HF. T h e free energy of the 
model fluid containing the 
m a x i m u m amount of H F is also 
very near zero ( X h f = 0 .71) . 
This c o m p o s i t i o n w o u l d correspond to that of a fluid exi t ing the carbonylat ion reactor for 
which H F w o u l d be first r e m o v e d by disti l lation. T h e s e predict ions sugges t that phase 
separation cou ld occur as more H F w a s removed by disti l lation w h e n the A G , m j x j n g 
b e c o m e s pos i t ive . T h e osci l latory 
nature of these predicted free 
energies of m i x i n g might be 
attributed to the small e n s e m b l e s ize 
that was used in d e v e l o p i n g the 
mode l . W e repeated this calculation 
using a smal ler e n s e m b l e s i ze (1 p-
to lualdehyde, 4 B F 3 m o l e c u l e s and n 
HF m o l e c u l e s , n = 0 -> 5) . T h e s e 
predict ions are s h o w n in Figure 4 for 
the enthalpy and free energy of 
mix ing . T h e w i d e osc i l la t ions that 
were present in the earlier 
predict ions are not present here, even 
though the e n s e m b l e s ize is smaller. 
H o w e v e r , it is clear that s o m e 
pos i t ive increases in the free energy 
of m i x i n g can be observed as the HF 
is r e m o v e d from mixture (posi t ive 
relative change in free energy as X h f decreased from 0 .45 to 0 . 2 8 ; 4 -> 3 m o l e c u l e s of 
H F with 4 m o l e c u l e s of B F 3 ) . 
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A s before, w e cannot literally interpret the behavior of these s y s t e m s based upon 
the predicted free energ ies s ince the A M - 1 program s h o w s substantial errors in predicting 
the absolute free energy. H o w e v e r , if w e as sume that this mode l accurately represents 
the changes in the free energy with H F c o m p o s i t i o n , then again a phase separation is 
sugges ted by the sudden rise in free energy with decreas ing H F content . This relative 
m a x i m u m in the free energy curve wil l result in phase splitting e v e n when the free 
energies in the ne ighborhood are all negat ive! 1 1 The implicat ion of phase splitting is that 
two phases may be formed, one rich in H F , the other depleted in HF. For the present case 
w e illustrate h o w a mixture having an H F m o l e fraction on the range of 0 - > 0 . 5 could 
split into t w o phases; o n e phase s h o w s no H F and the other s h o w s an H F compos i t i on of 
0 . 5 . S o , if the mixture had an X h f = 0 . 5 5 and s o m e H F w a s r e m o v e d in a distillation 
tower, these predict ions sugges t that t w o phases cou ld result if the H F m o l e fraction was 
reduced to a value less than 0 . 5 . P- to lualdehyde cou ld be distributed be tween the two 
phases where it w o u l d be r e m o v e d by distil lation in the s e c o n d tower. If w e again take 
the relative free energies as true, then the more stable phase wil l be the o n e that has no 
H F s ince its free energy is - 1 1 kca l /mol whereas the free energy of the phase where X h f 
= 0 . 5 is + 4 kca l /mol . 
W e n o w compare the predicted free energies of m i x i n g for the t w o cases 
considered here (Figure 3—blue line: 2 p - to lua ldehyde m o l e c u l e s ; 3 B F 3 m o l e c u l e s ; n H F 
molecu le s , n = 0 - > 1 0 ; and red line: 1 p - to lua ldehyde m o l e c u l e ; 4 B F 3 m o l e c u l e s ; n H F 
molecu le s , n = 0 - > 5 ) . Both sys t ems sugges t that r e m o v i n g s o m e of the H F from the 
reaction products cou ld benefit the further separation of p - to lua ldehyde from B F 3 . B F 3 
alone wil l not cata lyze the further reaction of a ldehyde with to luene to form di- and tri-
to lymethane; therefore, heating this l iquid to higher temperatures wi l l not form 
condensed products. 
M O P A C m o d e l i n g for heats of mix ing . Several years ago w e m o d e l e d the heats of 
mix ing (Figure 5 ) for binary s y s t e m s of triflic acid ( C F 3 S 0 3 H ) and agents such as 1 ) p -
to lualdehyde, 2 ) water, 3) tetrahydrofuran (THF) , 4 ) carbon d iox ide , 5 ) acetic acid, and 6 ) 
trimethyl amine . For p- to lualdehyde , water, and T H F w e cou ld compare these 
predictions experimental values for the heat of m i x i n g that w e determined in a very crude 
dev ice . T h e M O P A C software over-predicted the heats of m i x i n g for the p -
tolualdehyde/trif l ic acid ( 5 - 8 kcal /mol acid) and the water/triflic s y s t e m ( 5 - 1 0 kcal /mol 
acid); whereas , the mode l s l ightly under-predicted the heat of m i x i n g for THF/trif l ic acid 
sys tem (3 kcal /mol acid). Addit ional predict ions s h o w e d that very high heats of mix ing 
could be expec ted for m i x i n g triflic acid with trimethyl amine and thus, o n e might expect 
that trimethyl amine cou ld be used to displace p- to lua ldehyde from triflic acid. Heats of 
m i x i n g comparable to that for p-tolualdehyde/trif l ic acid were observed for THF/trifl ic 
acid and acetic acid/triflic acid. This last result is s o m e w h a t surprising given that acetic 
acid is an acidl M o r e work will be necessary to c o n v i n c e us of this predicted result for 
acetic acid. 
u
 Van Ness , H. C , and M. M. Abbot , Classical The rmodynamics of Nonelect rolyte Solut ions , with 
Applicat ions to Phase Equil ibr ia , McGraw-Hi l l Book Company , 1982; page 388 , Figure 6-37. 
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The results s h o w n here encourage us to repeat these predict ions us ing A M - 1 , 
P M 3 , and M N D O so as to obtain the free energies of m i x i n g for all of these c o m p o u n d s 
except CO2. 
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Executive Summary 
Prel iminary calculat ions were completed to model the enthalpy and free energy of condensed 
phases in preparat ion to the model ing of strong interactions between molecules with surfaces or in liquid 
solutions. This project focuses on the science that governs the formation of an adduct between the product 
and the catalytically active ensemble . In particular, we seek to model these sys tems with the goal to 
understand how this complex can be altered either by change in reaction condi t ions and/or with the addition 
of an agent so that the catalytic ensemble can be regenerated using commerc ia l ly-v iab le methods . Mos t of 
the target sys tems of this study will be condensed phases. 
Introduction and Background 
Predict ions. Titan suite software programs (Wavefunct ion , Inc. and Schrodinger , Inc.) 
were used to predict the thermochemical properties of se lec ted spec i e s by the f o l l o w i n g 
approximations: 1) A M I , a semi-empir ica l molecular orbital mode l . T h e s e m o d e l s were 
used to perform equi l ibrium geometry calculat ions and/or s ing le point energy (SPE) 
determinations. T h e heats of m i x i n g for binary mixtures were est imated from a 
consideration of the heats of formation of the spec ies using A M I . 
Predic t ions—Entha lpy of mixing of binary mixtures . W e at tempted to model the enthalpy of mixing using 
A M I to de termine the enthalpy of formation for the pure componen t s and for the mixtures that had been 
subjected to energy minimizat ion to obtain the op t imum geometry . T h e r m o d y n a m i c principles were used 
to express the heat of mixing in terms of measured tempera ture rise in the calor imeter and the heat 
capacit ies of the componen t s of the mixture. Consider the definition of the heat of mixing for a non-ideal 
mixture: 
AH mixture = SAH j + AH mixing 
where, A H 0 m j X U i r e = enthalpy of the entire mixture, 
AH°i = enthalpy of pure componen t i 
AH°mixing = heat of mixing for this mixture 
D . Resul ts - Effects of So lvat ion upon Enthalpy and Free Energy 
The quan tum mechanics programs predict the propert ies of the species as an isolated molecule. 
However , the sys tems that must be simulated are condensed phases where the interactions between the 
molecules/species are significant and contr ibute the total energy of the system. W e may include the effects 
of intermolecular forces by model ing ensembles of the species so as to es t imate the energies of these 
interactions. Consider the data in table 1 where we show the enthalpy of formation for benzaldehyde and 
water molecules in ensembles number ing from 1 to 12 molecules . These table entries were generated by 
dividing the enthalpy of formation of an ensemble containing n molecules reported by the quantum 
mechanics program by the number of molecules in the ensemble , n. Not ice how the enthalpy of formation 
for the isolated molecule is less negat ive than that predicted for the same molecule when surrounded by like 
neighbors. That is, the standard state, enthalpy of formation for water as an ideal gas molecule is est imated 
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to be -59.24 kcal /mol ; whereas , the reported enthalpy of formation for gaseous water at 298 K is -57.796 
k c a l / m o l . 1 0 7 For larger ensembles of water, the A M I software 
Table 1 Enthalpy of formation for ensembles of pure c o m p o u n d s , kcal /mol 
n I 2 3 4 5 6 7 8 10 12 
water -59.24 -6174 -64.01 -65.22 -65.72 -61.959 -66.47 -66.88 -67.34 
b e n z a l d e h y d e -8.923 -9.5095 -9.941 -11145 -11.1058 -10.8758 -117836 -11.6403 
predicts values for the heat formation that are more negat ive, up to a value of -67.34 kcal /mol for an 
ensemble of 12 water molecules . The heat of formation of liquid water at 298 K is -68.32 kcal/mol. 1 The 
increased negat ive, enthalpy of formation is due to solvent effects that appear to be modeled well by A M I 
for water. W e at tempted to use the same approach to model the enthalpy for liquid benza ldyde . The same 
trend was observed for ensembles of benza ldehyde number ing from 1 to 8 molecules where the AH0,- for the 
isolated molecule is - 8 . 9 2 3 kcal/mol (literature value for gas at 298 K = -9.57 kcal /mol) ; whereas the AH° f 
for an ensemble of 8 molecules is - 1 1 . 6 4 kcal/mol. If we had unlimited comput ing power , then even better 
est imates of the heat of formation of liquid water and liquid benza ldehyde could be developed by 
consider ing increasing larger ensemble sizes. Howeve r this approach is not feasible owing to the t ime 
required to comple te the calculation. 
W e conjecture that the propert ies of an ensemble of an infinite size (i. e., the liquid) can be 
est imated from the propert ies of a much smaller size by a proper extrapolat ion. Consider , a plot of the data 
from Tab le 1 which examines the behavior of the inverse heat of mixing versus the inverse of the ensemble 
size, 1/n. A liquid would be modeled by n -> GO or 1/n -> 0, so that the heat of formation for the liquid 
would be the value of enthalpy of the pure componen t at the intercept (Figure 1). F rom these data, we 
estimate that the enthalpy of pure, benzaldehyde at 298 K is - 1 1 . 8 2 kcal /mol; whereas , liquid water is 
predicted to have AH° f = -67.3 kcal/mol. 
W e can compare these predict ions with literature data for the the rmodynamic propert ies of pure 
compounds . For liquid water, the observed heat of formation is -68.32 kcal /mol; whereas , we predicted it 
to be -67.51 kcal /mol by extrapolat ing from calculated heats of formation for ensembles number ing 2, 3 , 4, 
5 8, and 12 molecules . If we include ensembles having only 4 , 8, and 12 water molecules , the est imated 
A H f ° = -68.21 kcal/mol which is 0.11 kcal/mol less than the li terature value. By the same method we can 
compare the est imated heat of formation for liquid benza ldehyde (-11.82 kcal/mol) and compared this value 
with the literature value (-21.23 kcal /mol) . Thus , the AM-1 program produced good est imates of the 
enthalpy of formation for liquid water but it did not predict well the enthalpy of formation for liquid 
benzaldehyde. 
N o w cons ider the same 
approach to est imate the free 
energies o f formation for liquid 
water and b e n z a l d e h y d e at 2 9 8 K 
(Figure 2) . Here w e s h o w that 
the extrapolated values at 2 9 8 K 
for the l iquids are as fo l lows: 
water, - 6 7 . 5 6 7 kcal /mol , and for 
benza ldehyde , - 3 4 . 8 4 kcal /mol . 
The extrapolat ion of the water 
values appears to be a smooth 
one whereas the data for the free 
energies o f the benza ldehyde 
e n s e m b l e s s h o w s o m e variation. 
The literature va lues o f the free 
energies of formation for liquid 
6 1 
Figure 1 water and liquid benza ldehyde at 
298 K are as fo l l ows : - 5 6 . 6 8 7 and + 2 . 2 4 kcal /mol . It appears that A M - 1 does not predict 
the free energy of formation for the condensed phases wel l on an absolute basis. 
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H F / B F 2 Sys tem. The H F / B F 3 system has 
been used to formylate toluene in a 
commercia l process by which the 
conversion agent, F I F / B F 3 , is easily 
recycled. It appears to be prudent to 
model this sys tem so as to discover how it 
does permit the breaking of the complex 
with /j>-tolualdehyde. 
W e used the approach described 
above to est imate the 
thermochemical properties of fFF, 
B F 3 , and a mixture of H F / B F 3 at 
Figure 2 
298 K 
(Table 2) . 
Table 2 Free Energies of Format ion for Ensembles of H F , B F 3 , and H F / B F 3 ( t / t molar) , kcal/mol 
1 2 3 4 5 6 7 8 
-86.5088 -85.8145 -85.7029 -85.398 -85.6444 -85.1554 -85.1165 -85.034 
-290.394 -289.725 -294.413 -287.777 -288.179 -286.461 -286.843 -277.216 
-379.027 -371.954 -377.644 -373.602 -373.382 -372.06 -377.247 -375.193 
l i qu id 
-84.7458 
-284.9 
-373.134 
-0.002 
-0.004 4j 
-0.006 
< 
< -0.008 
•0.01 
-0.012 
-0.014 -J-
W e may compare the predicted values of the 
free energies for the isolated molecules with 
literature values of the gas at 298 K. For 
HF, the predicted and observed values are -
86.5 and - 6 6 . 3 5 kcal /mol ; whereas the 
predicted and observed values for B F 3 are -
290.34 and - 5 4 . 8 4 kcal /mol . A plot of these 
data for l / - A G ° f o i m versus 1/n is shown in 
Figure 3 . Not ice how the calculated free 
energies of formation do permit an est imate 
of the free energy of formation for the 
species as a liquid (i. e., as n -> °O; AG°f o r r r i i n 
-> AG 0 f 0 r m i iiq u i d. T h e extrapolated free 
energies of formation for H F and B F 3 
Figure 3 
condensed phases are -
84.7 and - 2 8 4 . 9 kcal /mol . S ince H F is not a 
liquid at 298 K, this predicted value of the 
free energy represents the energy of a 
hypothetical state and thus no comparison 
can be made with literature values for liquid H F . T h e literature va lue 1 for the free energy of liquid BF3 at 
298 K is - 5 7 . 5 kcal /mol. T h e A M - 1 program clearly missed predict ing accurately the free energy of liquid 
B F 3 at 298 K. 
Consider now the free energy of solvation at 298 K for one mole of H F placed into one mole of 
B F 3 to form one mole of mixture using the extrapolated values for the free energies of formation: -373.134 
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- (-84.7458 - 284.9) = -3.49 kcal /mol. This negative free for the solvation suggests that the two species 
will mix spontaneously . T h e heat of mixing, not shown here, for this solvation is - 4 . 8 kcal /mol. 
E. Summary 
The s imple semi-empir ica l program A M - 1 appears to s h o w m i x e d results in 
predicting the enthalpy and free energy of c o n d e n s e d phases . Accurate predict ions for 
the free energies of the c o n d e n s e d phases wil l be helpful for the success fu l comple t ion of 
this project. M o r e work will be needed to correctly model the c o n d e n s e d phases of the 
model sys tems . 
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Appendix III—Proposal to B P - U K Fuels 
Task I — C o m p l e x Breaking. W e propose the f o l l o w i n g exper iments to break the 
ac id/a ldehyde c o m p l e x . A synthetic mixture of p - to lua ldehyde and the acid will be 
prepared in the ratio of a ldehyde/ac id normally encountered at the end of a reaction 
experiment . For e x a m p l e , with triflic acid, the ac id /a ldehyde ratio can vary from 2 
m o l / m o l to nearly 10 m o l / m o l . With the perf luoroalkanesulfonic acids described in the 
E x x o n patents, the ac id /a ldehyde ratio is c loser to 1 m o l / m o l . V a c u u m is usually drawn 
above the l iquid so as to facilitate c o m p l e x breaking and w e wil l do the same here. 
E x x o n inventors describe the use of w i p e d surface evaporators to assist and w e plan to 
use a R o t o v a p to s imulate the effect of the w i p e d surface evaporator. With these ideas in 
mind w e propose the f o l l o w i n g experiments . 
Experiments 1-3. A synthetic mixture of triflic acid and p - to lua ldehyde (2 m o l / m o l ) will 
be heated in a R o t o v a p at 100°C under a vacuum of 2 5 0 mil l i -Torr with the condenser 
operated at - 2 0 ° C using refrigerated e thy lene g lyco l as the c o o l i n g media . T h e vapors 
will pass through a product receiver held at dry i ce -ace tone temperature. In separate 
exper iments this synthetic product mixture wil l be treated with: a) d ich loromethane and 
diethyl ether (equimolar mixture, total m o l e s / m o l e of acid = 2 /1) ; b) diphenyl ether 
(equimolar to the acid); and c) trifluoroacetic acid (equimolar to the acid). 
Experiments 4-6. T h e condi t ions of exper iments 1-3 wil l be repeated for breaking the 
c o m p l e x formed from a synthetic mixture of perf luorobutanesulfonic acid and p-
Lolualdehyde (1 m o l / m o l ) . 
From these six exper iments w e expect to learn if the m o d e l i n g results described in 
Appendix II can be conf irmed and to determine if the procedure for recovering 
benza ldehyde from chloroaluminate IL's that w a s reported in a recently rev iewed 
manuscript can be applied to these perf luoroalkanesulfonic acid sys t ems . 
If the exper iments 1-3 are partially or totally success fu l , w e sugges t additional 
exper iments for which the triflic ac id /a ldehyde ratio is 10 m o l / m o l us ing the most 
successful of the complex -break ing agents revealed in the first three exper iments . 
Task I I—React ion with and R e u s e of Perf luoroalkanesulfonic A c i d s . W e wi l l attempt to 
reproduce e x a m p l e s 1-3, and 5 of U S Patent Appl icat ion 2 0 0 0 2 0 6 8 8 4 1 
(Perf luoroalkanesulfonic a c i d — S a l e h ) as the primary means to c o m p l e t e this task. One 
purpose of this task is to determine if the e x a m p l e s in the patent can be reproduced in our 
laboratories. S e c o n d l y , w e will endeavor to improve upon the t e c h n o l o g y revealed in 
these patent e x a m p l e s us ing our exper ience acquired with triflic acid and ionic l iquids. 
The f o l l o w i n g is an abbreviated summary of these four e x a m p l e s s h o w i n g reaction 
condi t ions , y ie lds and separation protocol . 
E x a m p l e 1: Perf luorooctanesulfonic acid (8 g, 17 m m o l ) and to luene (3 mL, 26 
m m o l ) were placed in an autoclave which w a s pressurized with C O to 1050 psig, heated 
to 50°C for 2 hours with stirring. T h e reaction was quenched by pouring over ice water, 
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and the organic layer was extracted with diethyl ether. G C analys is s h o w e d about 2 % 
convers ion of the toluene with 9 3 % regio-se lect iv i ty to p - to lua ldehyde and 7% to o-
to lualdehyde. 
E x a m p l e 2: T h e procedures of E x a m p l e 1 were used except that 6 g of 
perf luorohexane sulfonic acid (16 m m o l ) w a s added to the reactor a long with the toluene. 
The to luene convers ion w a s 2 % and the reg io-se lect iv i ty w a s the s a m e as e x a m p l e 1. 
E x a m p l e 3: T h e procedure of e x a m p l e 1 w a s repeated e x c e p t that 7 g of 
perf luoroethoxyethanesul fonic acid (22 m m o l ) w a s added to the reactor a long with the 
toluene. The to luene convers ion w a s 9% and the reg io-se lec t iv i ty was the s a m e as 
e x a m p l e 1. 
E x a m p l e 5: The c o m p l e x of perf luorohexanesul fonic acid with p- to lua ldehyde 
(26 g. 0 .05 mo l each of acid and a ldehyde) w a s d i s so lved in trifluoroacetic acid (53 g, 
0 .46 mol ) . This solut ion was fed to a w i p e d f i lm evaporator over a period of 2 0 min. 
The evaporator was run with a wall temperature of 100°C under a pressure of 0 .25 m m 
Hg. T h e vapor was co l l ec ted on a co ld finger. This l iquid w a s p- to lualdehyde . 
Perf luorohexanesul fonic acid w a s not volat i l ized whereas the trifluoroacetic acid was 
volat i l ized and co l l ec ted in a dry ice trap. 
T h e s e patent e x a m p l e s are bereft of details which w e must provide before 
meaningful exper iments can be comple ted . W e propose to use as control exper iments 
reactions i n v o l v i n g to luene and triflic acid. The patent e x a m p l e s descr ibed above use 
acid/substrate ratios of ~ 0 .67 mol acid/1 mol of to luene to 0 . 8 4 mol ac id /mol of toluene. 
In our exper ience with triflic acid, such l o w acid/substrate ratios result in l o w convers ions 
of toluene and for reaction periods longer than Vi hour, w e not ice the formation of the 
condensat ion products: di- and tri-tolymethane. Thus , w e propose to add exper iments to 
the list of the three patent e x a m p l e s s h o w n above w h ich explores the effect of increasing 
the perf luoroalkanesulfonic acid/substrate ratio to ~ 2 m o l / m o l . T h e purpose of these 
additional exper iments is to determine if higher y ie lds can be obtained. 
Proposed exper iments . T h e f o l l o w i n g exper iments are proposed to conf irm the E x x o n 
patent e x a m p l e s and to ex tend our k n o w l e d g e base for this t echno logy . 
Experiments 1-9. Conduct high-pressure carbonylat ion of to luene at 1 0 0 0 ps ig and 50°C 
in a Parr autoc lave . In separate exper iments c o m b i n e acid (triflic acid control; 
perf luorobutanesulfonic; or perf luoroethoxyethanesul fonic acid) and substrate in the ratio 
of 0 .67 mol ac id/mol substrate for reaction t imes of V2 h, 1 h, and 2 h. 
Experiments 10-18. Repeat these exper iments us ing an acid/substrate ratio of 5 mo l /mo l . 
The information gained from these exper iments wil l a l low us to k n o w the effect of 
reaction t ime and and acid/substrate ratio upon the reactivity and the reg iose lect iv i ty of 
the sys tems . 
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Task III Toluene carbonylation over zeolites. We will attempt to synthesize a copper-
exchanged Z S M - 5 catalyst after the examples described in US 3 , 3 6 9 , 0 4 8 . Z S M - 5 is 
chosen over X or Y zeolites described in this patent because it is known to demonstrate a 
higher acidity than either of these zeolites. Whereas, ion exchange is usually conducted 
using aqueous solutions of metal salts, we reported a method to introduce Cu(II) into 
Z S M - 5 as highly dispersed, divalent ions thus precluding the problems of overexchange 
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often reported for C u / Z S M - 5 zeolites. The zeolite is contacted with a solution of 
Cu(II )acac 2 dissolved into acetonitrile under reflux finally separated by filtration. The 
solvent is removed by vacuum. The following experiments are suggested: 
Experiment 1: Five grams of Z M S - 5 ( S i C V A b C ^ = 7 0 ; 3 0 0 millimoles H + /g ) , without 
Cu, is heated to 325°C in an autoclave and hydrogen gas is passed over the solid to 
remove all of the water. This solid is cooled to room temperature and toluene (0 .2 g 
dissolved in 10 m L of decane) is introduced into the autoclave. Dry CO and dry HC1 are 
put into the autoclave in equimolar amounts to a final pressure of 5 0 0 psig. The pressure 
is maintained at this level until the pressure no longer changes with time. The gas is 
vented and the tolualdehyde is released from the solid by treating with steam. After 
separating the liquid from the solid, it is heated to 325°C in inert gas to r e g e n e r a t e it. 
Experiment 2: Five grams of Z S M - 5 (Si02/Al203 = 7 0 ; 3 0 0 millimoles H + /g ) exchanged 
with Cu(II) at 5 0 % level ( 1 5 0 millimoles Cu/g, 1.5 wt% Cu) is heated to 325°C in an 
autoclave and hydrogen gas is passed over the solid to remove all of the water and reduce 
the Cu(II) to a lower oxidation state. This solid is cooled to room temperature and 
toluene (0 .2 g dissolved in 10 m L of decane) is introduced into the autoclave. Dry CO 
and dry HC1 are put into the autoclave in equimolar amounts to a final pressure of 5 0 0 
psig. The pressure is maintained at this level until the pressure no longer changes with 
time. The gas is vented and the tolualdehyde is released from the solid by treating with 
steam. After separating the liquid from the solid, it is heated to 325°C in inert gas to 
regenerate it. 
These two experiments will determine if zeolites can be used to carbonylate toluene, and 
if Cu is necessary for the reactivity/selectively. One additional experiment may be 
desirable if either of these two experiments is successful. This experiment will attempt to 
reuse the catalyst as outlined below. 
Experiment 3: The more active catalyst of experiments 1 and 2 will be reacted again by 
first reducing it with heating in H2 to 325°C, then cooling to room temperature, and 
adding 10 m L of a substrate (0 .2 g) solvent mixture to the catalyst in the autoclave. Dry 
CO and dry HC1 are put into the autoclave in equimolar amounts to a final pressure of 
5 0 0 psig. The pressure is maintained at this level until the pressure no longer changes 
with time. The gas is vented and the tolualdehyde is released from the solid by treating 
with steam. After separating the liquid from the solid, it is heated to 325°C in inert gas to 
regenerate it. This protocol is repeated three times to determine the 
activity/regioselectivity as a function of reuse. 
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Task I V — H i g h risk, high return technology . Hexanitrato eerie acid is a powerful 
ox id iz ing acid that has been ex tens ive ly s t u d i e d 1 0 9 in the nuclear industry for the 
dissolut ion of refractory actinides and the o x i d a t i o n 1 1 0 ' 1 1 1 of organics . It is different from 
the other super acids that have been studied for several reasons: 
1. It can be regenerated e lec trochemica l ly and thereby w o u l d be an ideal 
replacement for potass ium persulfate as an oxidant. 
2. In nitric acid so lut ions , cer ium serves as a catalyst and it is nitric acid that 
is reduced to liberate nitric ox ides which can then be recovered and 
recyc led by off gas scrubbing and evaporation. 
3 . Ceric acid requires g lass - l ined vesse l s or t itanium, but this acid is easi ly 
reduced to cerous nitrate using oxa l ic acid. T h e cerous ion in nitric acid is 
compat ib le with stainless steel. 
4. Cerous nitrate is eas i ly recyc led us ing l iquid/ l iquid extraction. 
5. T h e acid works wel l in aqueous mixtures . With e x c e s s air addit ions, 
to luene is readily ox id i zed to carbon d iox ide . This w o u l d be a reaction 
that w e w o u l d avoid by us ing an atmosphere d e v o i d of o x y g e n and 
containing on ly CO. 
6. W e find no literature d i scuss ing the use of this acid for arene formylation, 
but w e speculate that it may be a suitable substitute for potass ium 
persulfate to initiate radical reactions. 
7. If arene carbonylat ion can be conducted in aqueous media , w e suspect that 
the presence of water wil l a lso dissociate the a ldehyde and acid c o m p l e x . 
8. If the desired reactions can be cata lyzed us ing hexanitrato ceric acid, then 
cerium may provide a sy s t em where the catalyst is regenerated 
e lec trochemica l ly and recyc led us ing stainless steel equipment . 
9. W e note that nitric acid chemistry , whi le it has environmental problems, is 
general ly less object ionable than f luoride-based chemistry . 
10. W e find no applicable patents d i scuss ing this chemistry . 
For these reasons w e r e c o m m e n d that ceric acid chemistry be evaluated for this 
application. 
It is proposed that w e conduct one set of reactions to determine if the Ce-based 
sys tem can affect the carbonylat ion of toluene in the presence o f C O at 150 psig and 
room temperature. The result of this reaction in terms of activity and se lect iv i ty will 
dictate further work in this area. If the reaction rates are not suitable, then one more set 
of exper iments are contemplated for which the temperature and/or pressure can be 
adjusted accordingly . 
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